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Abstract
The Standard model of particle physics provides a successful theory to understand
the experimental results of the electroweak and strong interactions. However,
it does not have a satisfactory explanation for the hierarchy problem. Many
extensions of the Standard Model that solve the hierarchy problem result in new
particles. We will study the phenomenology of vector-like fermions resulting in
theories where the Higgs boson is typically a pseudo-Nambu-Goldstone boson. In
these theories we study the case where a heavy fermion will be heavier than a
heavy gluon, and then the channel of a heavy fermion decaying into a color octet
is considered. We study this phenomenology at high energy colliders, both the
LHC as well as future machines.
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CHAPTER 1
Introduction
The Standard Model (SM) of elementary particle physics is a quantum field the-
ory that describes the strong, weak and electromagnetic interactions between
elementary particles. The gauge sector of the SM is SU(3)C × SU(2)L × U(1)Y ,
where SU(3)C and SU(2)L × U(1)Y indicate the strong and electroweak inter-
actions, respectively. In the SM the electroweak symmetry breaking (EWSB)
SU(2)L × U(1)Y → U(1)EM (here U(1)EM corresponds to the electromagnetic
interaction) is due to the Higgs sector. As a result, after the EWSB the weak
vector bosons and the fermions obtain masses through the Higgs mechanism. In
this mechanism the Higgs scalar field is a doublet of SU(2)L and it acquires a
vacuum expectation value (VEV) such that the symmetry SU(2)L × U(1)Y is
spontaneously broken.
The recent discovery of a scalar boson at the Large Hadron Collider (LHC) [1, 2]
seems to indicate that it is the SM Higgs boson. If this particle is the Higgs boson
of the SM then this discovery confirms that the SM is consistent. As a conse-
quence of the measurements related to the SM [3], we now have direct evidence
of all the SM spectrum.
Despite the success of the SM when compared with experiment [3, 4] we have
many reasons to believe that the SM is not complete since, to say the least, grav-
ity is not included. The SM does not provide a satisfactory explanation to the
hierarchy problem [5, 6]. Here we focus on extensions of the SM that solve the
hierarchy problem. In particular, we study quiver theories [7, 8, 9, 10, 11, 12] and
their phenomenology. Using quiver theories [5, 13, 14] as well as other similar
theories where the Higgs is a pseudo-Nambu-Goldstone boson (pNGB).
We study the fermion excitations in these models by computing their masses
and wave functions. Considering both cases left- and right-handed zero mode
fermions, we will study the more relevant phenomenology.
2 Introduction
To reproduce the phenomenology of these fermion excitations, we compute all
their couplings. The one to the Higgs sector will be crucial to do the phenomenol-
ogy. For instance, the coupling to the first excitations of the gauge bosons will be
neglected, but only because we computed first and now we know they will play
no role in the pair production.
We study the phenomenology of vector-like quarks at high energy Colliders.
Prompted by our results in quiver theories, the vector-like quark can be heavier
than the excitedgluons, we study the phenomenology of production and decay of
vector-like quark at the LHC and beyond taking into account the decay channel
T → Gt, with Q the vector-like quark, G the heavy gluon and q a SM quark.
We start in chapter 2 by presenting the SM, jointly with the motivations
to study physics beyond SM. In chapter 3 we briefly study one simple Little
Higgs model [15] and introduce the quiver theories, for both gauge bosons and
fermions. The Higgs is induced as a pNGB, by considering the quiver theory of
EWSB. And then the couplings of fermions excited states were computed. In
chapter 4 we study the phenomenology at the LHC of the excited heavy quarks
in quiver theories, by using the most relevant couplings computed. In chapter
5 we begin to study the phenomenology of the heavy quarks at a future high
energy Collider in a general vector-like theories. Finally we conclude and present
the future studies in chapter 6.
CHAPTER 2
The Standard Model
The Standard Model (SM) of elementary particle physics is a quantum field theory
that describes the electromagnetic, weak and strong interactions. The theoretical
and experimental research in elementary particle physics in the 60s gave evidence
of a possible unification of the weak and electromagnetic interactions, due to the
fact that both are of vectorial nature and have universal couplings. In other
words, they are both described by a gauge theory. Finally, between the years 60
and 70, the SM was first developed by Glashow, Weinberg and Salam, setting the
foundations of our modern understanding of elementary particles.
The four basic ingredients necessary to the SM are: quarks, leptons, gauge bosons
and the Higgs boson. All the electroweak and strong interactions are explained by
gauge theories, namely the SM Lagrangian is invariant under the gauge transfor-
mations of SU(3)C×SU(2)L×U(1)Y , for the strong and electroweak interactions
respectively. We can study the strong interactions separately of the electroweak
interactions, since both gauge sectors do not mix. The SM has a domain of ap-
plicability of at least several hundred of GeV. It is worth mentioning that not
only works splendidly in theory, but it has also passed every experiment test so
far. In addition, the model presents important symmetries in describing such
interactions. In general, the symmetries have a central role in physics, namely,
they protect some physical quantity and determine the dynamic structure of the
fields. In this chapter, besides a brief introduction to the SM, we will present the
gauge hierarchy problem and the problem of the hierarchy of SM fermion masses.
4 The Standard Model
2.1 Quantum Chromodynamics
The sector of strong interactions of the SM better known as QCD is a non-Abelian
gauge theory where generators belong to the local symmetry group SU(3)C , and
the internal degree of freedom is the named color. One of the properties of QCD
is asymptotic freedom, that makes possible to use perturbative methods at very
small distances [16]. The Lagrangian of QCD is
L = −1
4
F iµνF
µνi +
∑
r
q¯rα i 6Dαµβ qβr . (2.1)
Notice that in (2.1), r is the flavor index of quarks; the index of the adjoint
representation is i = 1, 2, . . . , 8 of 8 generators of SU(3)C ; α, β = 1, 2, 3 are the
indexes of the fundamental representation, these are the indexes of color, qβr is a
the quark field and F iµν is the gauge field strength tensor which is given by
F iµν = ∂µG
i
ν − ∂νGiµ − gsfijkGjµGkν . (2.2)
In (2.2) the fieldsGiµ are the gluons fields and the structure constants fijk (i, j, k =
1, 2, . . . , 8) are defined by
[λi, λj] = 2ifijkλ
k. (2.3)
The matrices λk are the Gell-Mann matrices for SU(3). The covariant derivative
is given by
Dαµβ = ∂µ δ
α
β +
1
2
igs G
i
µ λ
αi
β , (2.4)
with gs the gauge coupling constant in SU(3)c local. We should point out that
the mass terms for the quarks fields will appear after the EW symmetry breaking.
2.2 Electroweak Model
The Glashow-Weinberg-Salam theory (GWS) where fermions are chiral is a gauge
theory with symmetry SU(2)L×U(1)Y , where L and Y represent the left-handed
chirality with symmetry of weak isospin, and weak hypercharge, respectively. The
left-handed leptons are
Le =
(
νe
e−
)
L
Lµ =
(
νµ
µ−
)
L
Lτ =
(
ντ
τ−
)
L
, (2.5)
with weak isospin I` = 1/2 and hypercharge YL` = −1, and the right-handed
leptons are
Re,µ,τ = eR, µR, τR, (2.6)
with hypercharge YR` = −2, where the hypercharge is given by the Gell-Mann and
Nishijima relation Q = I3 + (1/2)Y . The SM does not include the right-handed
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neutrinos because these have no SM gauge quantum numbers. The left-handed
quarks are given by
L1q =
(
u
d
)
L
L2q =
(
c
s
)
L
L3q =
(
t
b
)
L
, (2.7)
with weak isospin Iq = 1/2 and hypercharge YLq = 1/3. The right-handed quarks
are
R(1,2,3)u = uR, cR, tR (2.8)
and
R
(1,2,3)
d = dR, sR, bR (2.9)
with YRu = 4/3 and YRd = −2/3, respectively.
Now, we write the Lagrangian L that is invariant under the gauge symmetry
SU(2)L × U(1)Y in three parts, as follows
L = LG + LF + LH , (2.10)
with
LG = −1
4
W iµνW
µνi − 1
4
BµνB
µν , (2.11)
where the field strength tensor W iµν corresponds to the gauge symmetry SU(2)L,
with coupling g and is given by
W iµν = ∂νW
i
µ − ∂µW iν + gεijkW jµW kν , (2.12)
and the field strength tensor Bµν corresponds to the U(1)Y field with coupling g
′
and is given by
Bµν = ∂νBµ − ∂µBν . (2.13)
The kinetic term for the fermions is written in two parts
LF = Lleptons + Lquarks, (2.14)
that are given by
Lleptons = Rn` iγµ
(
∂µ + i
g′
2
BµY
)
Rn`
+ L
n
` iγ
µ
(
∂µ + i
g′
2
BµY + i
g
2
~σ · −→W µ
)
Ln` , (2.15)
where the index ` represents the leptons (` = e, µ, τ); and the second term in
(2.14) is
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Lquarks = Rnu iγµ
(
∂µ + i
g′
2
BµY
)
Rnu + R
n
d iγ
µ
(
∂µ + i
g′
2
BµY
)
Rnd
+ L
n
q iγ
µ
(
∂µ + i
g′
2
BµY + i
g
2
~σ · −→W µ
)
Lnq , (2.16)
where the index n is the index of generations (n = 1, 2, 3). In (2.15) and (2.16)
~σ represents the Pauli matrices:
σ1 =
(
0 1
1 0
)
, σ2 =
(
0 −i
i 0
)
, σ3 =
(
0 −1
0 1
)
. (2.17)
The Lagrangian (2.11) has four massless gauge bosons W 1µ , W
2
µ , W
3
µ and Bµ
because their mass terms are not invariant under gauge transformations. In ad-
dition, the gauge symmetry SU(2)L × U(1)Y prohibits mass terms for fermions,
since the left- and right- handed components of the fermionic fields transform in
different ways under the SU(2)L × U(1)Y gauge symmetry.
In the SM, the electroweak symmetry is spontaneously broken through the Higgs
mechanism. This is done by introducing a scalar that is a doublet of SU(2)L,
such that it includes two complex scalar fields as follows
Φ =
(
φ+
φ0
)
, (2.18)
and with hypercharge YΦ = 1. The Lagrangian for Φ is given by
LΦ = (DµΦ)†(DµΦ)− V (Φ†Φ), (2.19)
where
Dµ = ∂µ + i
g′
2
BµY + i
g
2
~σ · −→W µ (2.20)
and the potential in LΦ is
V (Φ†Φ) = µ2(Φ†Φ) + λ(Φ†Φ)2. (2.21)
In the following, we will work with the ground state that minimizes the po-
tential (2.21), considering the case for µ2 < 0. Then we can write the VEV for Φ
as follows:
〈Φ〉0 = 1√
2
(
0
v
)
, (2.22)
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where v =
√−µ2/λ. Using the nonlinear sigma model [17], jointly with (2.22),
we parameterize the field Φ as
Φ = exp(
iξj(x)σj
2v
)
(
0
(v + h(x))/
√
2
)
, (2.23)
where σj are Pauli matrices (2.17). But we will work in the unitary gauge, such
that the Nambu-Goldstone Bosons (NGB’s) ξj can be removed by the following
gauge transformation:
Φ→ exp(−iξ
j(x)σj
2v
)Φ =
1√
2
(
0
v + h(x)
)
, (2.24)
so LΦ in (2.19) can be written in terms of physical fields as
LΦ = 1
2
∂µh∂
µh+
g2
4
(v + h)2
[
W+µ W
−µ +
1
2 cos2 θW
ZµZ
µ
]
− µ2 (v + h)
2
2
− λ (v + h)
4
4
, (2.25)
where the Weinberg angle is defined by the relation tan θW ≡ g′/g. We also have
defined the mediator fields of the charged weak interactions W±µ ,
W±µ = (W
1
µ ∓ iW 2µ)/
√
2. (2.26)
These physical fields W±µ acquire mass equivalent to MW = gv/2 = ev/2 sin θW
and the field that mediates the neutral weak interactions Zµ,
Zµ = W
3
µ cos θW −Bµ sin θW , (2.27)
acquires a mass MZ =
√
g2 + g′2v/2 = MW/ cos θW . The photon field is written
as the orthogonal neutral combination
Aµ = Bµ cos θW +W
3
µ sin θW , (2.28)
and its mass is MA = 0, leaving the U(1)EM unbroken. There are also Yukawa
interactions between the Higgs doublet Φ with the quarks and leptons, that can
be written as
LΦF = LY(quarks) + LY(leptons), (2.29)
where
LY(quarks) = −
3∑
i,j=1
[
Guij R
i
u
(
Φ˜†Ljq
)
+Gdij R
i
d
(
Φ†Ljq
)
+ h.c.
]
, (2.30)
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and
LY(leptons) = −
3∑
i,j=1
[
G`i,j(L
i
`Φ)R
j
` + h.c.
]
, (2.31)
where Guij, G
d
ij and G
`
i,j are the Yukawa couplings, these are not diagonal in the
generation indexes nor real, and Φ˜ ≡ iσ2Φ∗. We note that all these terms are
also gauge invariant under SU(2)L and have zero net hypercharge Y.
In the following we will consider LY(quarks) in (2.30), and after replacing φ
(2.24) in (2.30), we can identify
−u¯ iR Muij ujL + h.c., (2.32)
where ujL is the left-handed up-type quark of the doublet L
j
q (2.7) and u¯
i
R =
{u¯R, c¯R, t¯R}.
To the down-type quarks we have also
−d¯ iR Mdij djL + h.c., (2.33)
where djL is the left-handed down-type quark of the doublet L
j
q (2.7) and d¯
i
R =
{d¯R, s¯R, b¯R}.
The matrices Mu and Md, which are generally not diagonal, are given by M
u(d)
ij =
G
u(d)
ij v/
√
2. To diagonalize these mass matrices, the unitary matrices U(D)L,R
are defined such as:
uiL = U
ij
L u
′ j
L , d
i
L = D
ij
L d
′ j
L , (2.34)
uiR = U
ij
R u
′ j
R , d
i
R = D
ij
R d
′ j
R , (2.35)
Note that the gauge eigenstates (q) are linear combinations of the mass eigen-
states (q′), so we have to do the basis changes given by (2.34) and (2.35) to
diagonalize MU and MD, as follows
MUdiag ≡ U †R MU UL =
 mu 0 00 mc 0
0 0 mt
 , (2.36)
MDdiag ≡ D†R MD DL =
 md 0 00 ms 0
0 0 mb
 . (2.37)
Considering the quark sector in (2.29) after the EW symmetry breaking, we
need to go to the mass basis to diagonalize the Yukawa terms in (2.30). This is
done with the UL,R, DL,R unitary transformations.
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For the case of charged current J+µ W , we have that it must be proportional to
(
u¯′ c¯′ t¯′
)
L
U †L γµ DL
 d′s′
b′

L
. (2.38)
That is, the charged current coupling will not be diagonal anymore, since
U †LDL 6= 13. This unitary matrix that express the mixing between the quarks is
known as Cabibbo-Kobayashi-Maskawa (CKM) matrix
VCKM ≡ U †LDL =
 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 . (2.39)
In the case of neutral current Jµ Z , considering up-type SM quarks, it must be
proportional to
(
u¯′ c¯′ t¯′
)
L,R
U †L,R γµ UL,R
 u′c′
t′

L,R
=
(
u¯′ c¯′ t¯′
)
L,R
γµ
 u′c′
t′

L,R
.(2.40)
So there is no mixing of the quarks in the sector of neutral currents, due to the
fact that UL and UR are unitary, namely, the couplings are diagonal. Thus, in the
Standard Model there are no interactions that change flavor in neutral currents,
at least at tree level.
Now we will consider LY(leptons), jointly with φ in (2.24), we can obtain mass
terms
−e¯ iL M `i,j e jR + h.c., (2.41)
where eiL,R = {eL,R, µL,R, τL,R} and we identify from (2.31) that the charged
lepton mass matrix is given by M `i,j = G
`
i,jv/
√
2.
To diagonalize M `i,j, the matrices U` and W` are defined as
eiL = U
ij
` e
′ j
L , e
i
R = W
ij
` e
′ j
R . (2.42)
Then these basis changes yield the diagonal lepton mass matrix
M `diag ≡ D†R MD DL =
 me 0 00 mµ 0
0 0 mτ
 . (2.43)
With this procedure it is possible to obtain the masses terms to the leptons. How-
ever, the value of M` is not predicted by the theory since the Yukawa couplings
G`i,j were introduced arbitrarily to reproduce the masses of the observed leptons.
Just as in the quark case, the theory does not provide the values of M
u(d)
ij . That
10 The Standard Model
is, the Yukawa couplings G
u(d)
ij were arbitrarily introduced to correctly give the
masses of the fermions observed, once they are diagonalized.
2.3 Motivation of Physics Beyond the SM
In the previous sections we saw that the SM of elementary particles offers a
theoretical explanation for the interactions of all elementary particles we know
of today. It is extremely successful when compared with the experimental data
we have nowadays. As examples, we have the detection of neutral currents in the
decade of 70s, the predictions made to the bosons mass W±µ and Zµ, experiments
made in LEPI, LEPII and the Tevatron [18, 19] with high precision (. 1%).
The model needs a scalar particle remaining form the process of spontaneous sym-
metry breaking in the electroweak sector, the Higgs boson that couples with the
other particles of the SM and that recently has been discovered at the LHC [1, 2].
Despite the success of the SM, it has deficiencies in how to explain the hier-
archy problem and the hierarchy of the SM fermion masses among many others.
The hierarchy problem is related to the quantum instability of the vacuum that
sets the electroweak scale around mEW ∼ 250GeV . In addition, the SM does
not include the interaction with gravity, which is non-renormalizable and can be
ignored up to scales of order of Planck mass.
2.3.1 The Gauge Hierarchy Problem
Despite the success of the SM when compared with experiment [3, 4] we have
quite important reasons to believe that the SM is not complete, besides the
fact that gravity is not included. Among all these, the one that requires new
physics not too far above the TeV scale is the hierarchy problem. The SM does
not provide a satisfactory explanation to the hierarchy problem [5, 6]. This
problem can be understood when we calculate the quantum corrections to the
Higgs mass. For instance, the largest of these corrections comes from the virtual
top pair contribution up to 1 loop to the Higgs propagator as in Figure (2.1).
This contribution is given by
2.3 Motivation of Physics Beyond the SM 11
t¯
t
h h
Figure 2.1. Quantum contribution to the Higgs boson propagator from the top quark
loop in the SM.
−iδm2h = −Nc
(
λt√
2
)2 ∫
d4p
(2pi)4
Tr
[(
/p+mt
p2 −m2t
)(
/p+mt
p2 −m2t
)]
= −2Ncλ2t
∫
d4p
(2pi)4
p2 +m2t
(p2 −m2t )2
. (2.44)
Using a Wick rotation, i.e., p0 → ip4, p2 → −p2E, jointly with the angular inte-
gration, we obtain
δm2h = −
Ncλ
2
t
8pi2
∫ Λ2UV
0
dp2E
p2E(p
2
E −m2t )
(p2E +m
2
t )
2
= −Ncλ
2
t
8pi2
[
Λ2UV + ...
]
, (2.45)
where Nc = 3, and ΛUV is the highest energy where we believe the SM can be
used for this computation. For instance, if we consider ΛUV = MPlanck, the scale
where gravity becomes strong and needs to be included,
MPlanck =
(
~c
GNewton
)1/2
' 1.2× 1019 GeV, (2.46)
where in this scale the quantum gravitational effects will become important. On
the other hand, the recent discovery of a new particle at the Large Hadron Collider
(LHC) [1, 2] confirms that this particle is like the Higgs boson of the SM with
mass mh ≈ 125 GeV, when the electroweak symmetry is broken by the VEV of
scalar Higgs.
So, as shown in (2.45) this correction to the Higgs mass squared has quadratic
sensitivity to the cutoff of the theory, and then, if the SM is valid until the Planck
scale, we will need a large fine tuning to obtain the observed Higgs mass in the
electroweak scale. This fine tunning is not natural and needs new physics beyond
the SM to restore naturalness [5]. That is not the case for the masses associated
to other SM elementary particles, for instance, considering a light fermion or a
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gauge boson as can be found in Ref. [20], as we see below.
Let us consider the quantum corrections to the self-energy of the electron as
an example, as shown in Figure (2.2). We will compute this correction at zero
external momentum, considering the one-loop diagram of the electron propagator
that comes from the γ boson contribution, this result in a contribution given by
e ee
γ
Figure 2.2. Electron self energy.
δmeγ =mee
2 1
2pi2
∫ Λ
0
dpE
p3E
(p2E) (p
2
E +m
2
e)
=mee
2 1
4pi2
ln
(
Λ2 +m2e
m2e
)
. (2.47)
Consequently, from the loop considered to determine δme, we can see that
this is divergent but only logarithmically sensitive to the cutoff of the theory. If,
for instance, we use ΛUV = MPlanck we have
δme = 0.3me, (2.48)
which is not that large. It is also a multiplicative shift, a reflection of chiral
symmetry.
Similarly to the previous calculations, we illustrate the quantum correction
at one-loop of the W self energy, at external zero momentum. For instance,
considering the contributions as indicated in Figure (2.3).
2.3 Motivation of Physics Beyond the SM 13
t
b¯
(a)
W
h
(b)
Figure 2.3. EW quantum corrections at one-loop for the W boson self energy involv-
ing: (a) t and b, (b) W and h.
The corresponding contribution to the δm2W after a Wick rotation and the angular
integration associated with the first diagram in Figure (2.3) is given by
δm2Wa = Ncg
2mtmb
1
8pi2
∫ Λ
0
dpE
p3E
(p2E +m
2
t )(p
2
E +m
2
b)
=
Ncg
2mtmb
16pi2(m2t −m2b)
[
m2t ln
(
Λ2 +m2t
m2t
)
−m2b ln
(
Λ2 +m2b
m2b
)]
, (2.49)
where Nc = 3 due that we deal with three colors of quarks.
Now, from the diagram in Figure (2.2b) gives a contribution to the δm2W given
by
δm2Wb = g
2m2W
1
8pi2
∫ Λ
0
dpE
p3E
(p2E +m
2
W )(p
2
E +m
2
h)
=
g2m2W
16pi2(m2W −m2h)
[
m2W ln
(
Λ2 +m2W
m2W
)
−m2h ln
(
Λ2 +m2h
m2h
)]
(2.50)
Notice that according to (2.49) and (2.50) for the contributions considered to
the δm2W , these contributions are also divergent but have logarithmic divergence
to the cutoff. And it is possible to write these contributions as proportional to
m2W . Consequently, in the massless limit of fermions as well as gauge bosons we
will have the mass parameters quantum corrections go to zero and recover a chiral
and EW gauge symmetry, respectively.
We conclude that the quadratically divergence takes place in the Higgs mass
squared as indicated in (2.45), and its quantum correction is unnatural, it is due
that in the SM there is no symmetry that protects the Higgs mass.
14 The Standard Model
2.3.2 Problem of Fermion Mass Hierarchy
When we review in Section 2.2 the electroweak sector of the SM, especially when
through Higgs mechanism the Φ acquired an VEV, we obtained mass terms. That
is as a consequence of the Yukawa interactions given by (2.31) and (2.30), these
mass terms can be identified as
Mf =
Gfv√
2
, (2.51)
where Gf are Yukawa couplings of the fermions, and are extremely varied. For
instance, we have that the coupling for the electron and the top are Ge ∼ 10−6
and Gt ∼ 1, respectively. This is a problem, since the SM does not explain why
the fermions can have masses so different, after the electroweak symmetry break-
ing through the Higgs mechanism.
Thus, to explain the fact that these couplings are so different it is necessary to
introduce physics beyond the Standard Model. There are many other problems
with the SM. The strong CP problem, origin of baryon asymmetry, dark matter,
among others. We will focus on theories that address the hierarchy problem, and
in particular in which the Higgs mass is protected by a symmetry similar to that
protecting the pion mass in QCD, i.e, the Higgs will be a pNGB.
The hierarchy problem (and maybe the problem of the fermion mass hierarchy)
seem to be a good guides to construct theories Beyond the SM. Let us consider
theories that solve these hierarchy problems generating large hierarchy of scales.
CHAPTER 3
New Fermions in BSM Theories
As was pointed out in the previous chapter, the SM does not provide a satis-
factory explanation for the hierarchy problem. Extensions of the SM that solve
the hierarchy problem without supersymmetry [21] require the presence of new
states partners of the SM fields under some symmetry. In particular there will
be partners of fermions, especially of the top quark, of gauge bosons, etc. We
will focus here on the Vector-like quarks that are partners of the SM fermions.
Several theories have been suggested in the literature, for instance Little Higgs
models [15, 22], composite Higgs models [23, 24, 25] and quiver theories [8, 10].
As a first example, we will study how the hierarchy problem is addressed in a
Little Higgs model [15, 26]. Firstly, we consider two independent SU(3) global
symmetries, with two nonlinear sigma fields that parametrize the spontaneous
symmetry breaking associated with the coset [SU(3)/SU(2)]2 and are given by
φ1 = exp

i
f

0 0 k1
0 0 k2
k∗1 k
∗
2 0

 exp

i
f

0 0 H1
0 0 H2
H∗1 H
∗
2 0



0
0
f
 , (3.1)
φ2 = exp

i
f

0 0 k1
0 0 k2
k∗1 k
∗
2 0

 exp
−
i
f

0 0 H1
0 0 H2
H∗1 H
∗
2 0



0
0
f
 , (3.2)
where H1, H2, k1 and K2 are complex fields, with the same symmetry breaking
scale given by f . The symmetry breaking pattern is the coset [SU(3)/SU(2)]2,
therefore, after the breaking symmetry of the two SU(3) we will identify 10
spontaneously broken generators, resulting in 10 NGBs. Notice that two singlet
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fields of SU(2) were ignored for simplicity in the parametrization of both scalar
fields φ1 and φ2. Then, we add the interaction between the scalar fields and gauge
bosons associated with the SU(3) through the covariant derivatives acting on φ1
and φ2. We write the Lagrangian L associated with these fields as follows
L = (Dµφ1)†(Dµφ1) + (Dµφ2)†(Dµφ2), (3.3)
where
Dµ = ∂µ − igAaµT a, (3.4)
such that T a are the SU(3) generators with a = 1, 2, . . . , 8. We can identify
the interactions between the scalar fields and the gauge bosons by expanding the
kinetic terms in (3.3),
(Dµφi)
†(Dµφi) = (∂µφj)†(∂µφj) + g
[
iφ†iA
a
µT
a∂µφi + h.c.
]
+ g2
[
φ†iA
a
µA
µbT bT aφi
]
. (3.5)
A
φ†i φi
(a)
A
φ†i φi φi
(b)
Figure 3.1. Quantum corrections at one-loop for two-point function of the scalar
fields φi due to the SU(3) gauge interaction.
In the calculation of the quantum contribution from Figure (3.1a) the Feyn-
man gauge will be used. This gives
iΣ(a) =
∫
d4k
(2pi)4
[
ig2gµν
(
T rijT
s
jm + T
s
ijT
r
jm
)](−igµνδrs
k2
)
,
= −8ig2 (T rijT rjm) 116pi2Λ2. (3.6)
from Figure (3.1b), we also have
iΣ(b) =
∫
d4k
(2pi)4
(
igkµT rij
)(iδjl
k2
)
(igkνT slm)
(−igµνδrs
k2
)
,
= ig2
(
T rijT
r
jm
) 1
16pi2
Λ2. (3.7)
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So the contributions potential
∝ g
4
16pi2
Λ2
(
φ†1φ1 + φ
†
2φ2
)
, (3.8)
and then substituting (3.1), (3.2) in (3.8) we will obtain a constant term that
that does not contribute to the potential for H, since (3.8) does not depend on
the Higgs.
A
φ†1 φ1
A
φ2 φ
†
2
Figure 3.2. Quantum correction at one-loop from the interaction terms of two gauge
boson and two scalars included in (3.3).
Now, we consider the quantum correction from Figure (3.2) we can write the
Feynman integral by considering a power counting
iΣ4 ∝
∫
d4k
(2pi)4
×
(
g2
k2
)(
g2
k2
)
, (3.9)
which results in
=
g4
16pi2
ln
(
Λ2
µ2
)
, (3.10)
the following operator that does not have a quadratic divergence
g4
16pi2
ln
(
Λ2
µ2
)
|φ†1φ2|2. (3.11)
To identify the coefficient of H†H, i.e., its mass squared we will substitute the
parameterizations (3.1), (3.2) in (3.11), for this purpose we compute
φ†1φ2 =
(
0 f
)
exp
−2if
 0 H
H† 0

 0
f
 (3.12)
after expanding the exponential matrix up to order of
(
1
f 2
)
we have
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φ†1φ2 =
(
0 f
) 1 0
0 1
− 2i
f
 0 H
H† 0

− 2
f 2
 HH† 0
0 H†H
+O( 1
f 3
) 0
f

= f 2 − 2H†H + · · · (3.13)
we can substitute this result in (3.11), obtaining a mass term
−g
4f 2
4pi2
ln
(
Λ2
µ2
)
H†H. (3.14)
Thus we have a theory that does not have quadratic divergence at one-loop for
the mass of H, and it is the pseudo-Nambu Goldstone Boson associated with
two scalar fields that break separately each SU(3) to SU(2). The fact that to
generate a genuine contribution to the Higgs potential we need the contributions
of both φ1 and φ2 is an example of the so-called collective breaking. Notice that
the term given in (3.11) explicitly breaks both SU(3) to the diagonal.
There is a similar mechanism for the Yukawa contributions to the potential.
The φ1 and φ2 Yukawas are
L = −λ1t¯1Rφ†1ΨL − λ2t¯2Rφ†2ΨL + h.c., (3.15)
where ΨL is a SU(3) triplet given by
ΨL =

t
b
T

L
, (3.16)
and taking into account the SU(2) doublet
QL =
 t
b

L
, (3.17)
jointly with
H =
 H1
H2
 . (3.18)
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Now, we can substitute (3.1), (3.2) in (3.15) and using the rotation where k1
and k2 are removed, i.e., in unitary gauge for SU(3) jointly with (3.17), we have
− λ1t¯1R
exp
 if
 0 H
H† 0

 0
f
† Q
T

L
− λ2t¯2R
exp
−if
 0 H
H† 0

 0
f
† Q
T

L
, (3.19)
expanding the exponential matrix functions up to order of
(
1
f 2
)
− λ1t¯1R
(
0 f
)1− i
f
 0 H
H† 0
− 1
2f 2
 HH† 0
0 H†H
 Q
T

L
− λ2t¯2R
(
0 f
)1 + i
f
 0 H
H† 0
− 1
2f 2
 HH† 0
0 H†H
 Q
T

L
,
(3.20)
and considering
λ1 = λ2 =
λ√
2
, (3.21)
the terms given in (3.20) are simplified to
− λ√
2
[
f (t¯1R + t¯2R)TL + i (t¯2R − t¯1R)H†QL − 1
2f
(t¯2R + t¯1R)H
†HTL + ...+ h.c.
]
,
(3.22)
now, writing the following combinations
TR = t¯1R + t¯2R (3.23)
t¯R =
i√
2
(t¯2R − t¯1R) , (3.24)
substituting these combinations, we rewrite (3.22) as
−λ
[
fTRTL + t¯RH
†QL − 1
2f
TRH
†HTL + ...+ h.c.
]
, (3.25)
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where as in Ref. [26], here H can be identified as
H =
1√
2
(
h− iϕ3
−√2ϕ−
)
, (3.26)
expanding about the symmetric point, 〈h〉 = 0, we identify from (3.25) the
following terms
−λfTRTL − λ√
2
t¯RtLh+
λ
4f
TRTLh
2 + ...+ h.c.. (3.27)
From these, we can compute the corrections to the Higgs mass squared up to
1 loop, these quantum corrections to the Higgs propagator are shown in Figure
(3.3).
t
t¯
h h h h
TT
(a) (b)
Figure 3.3. Quantum contributions to the Higgs propagator from the top and T at
one loop according to the interactions given in (3.27).
The contribution to the Higgs mass squared from Figure (3.3a) is given by
δm2h(a) = −Ncλ2
1
4pi2
∫ Λ
0
dpE
p3E
p2E
= − Nc
8pi2
λ2Λ2, (3.28)
and from Figure (3.3b), we also have
δm2h(b) = Ncλ
2 1
4pi2
∫ Λ
0
dpE
p3E
p2E
=
Nc
8pi2
λ2Λ2. (3.29)
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Thus the quadratic divergent contributions to the Higgs mass (3.28) and (3.29)
are canceled by the addition of the quantum corrections at one-loop from the top
and T . And also we saw that the model involves three scales Λ, f and Mweak ∼
such that its squared is given by the mass term in (3.14), where Λ . 4pif as
in Ref. [15], this could be obtained by doing a naive dimensional analysis after
expanding the kinetic term of the scalar fields (3.1), (3.2). The size of f is
of order to the TeV scale if g is equal to the SU(2) gauge coupling. Thus, it
is important to study theories where we will have fermion masses that are in
the TeV scale to solve the hierarchy problem through to the cancellation of the
quadratic divergence as above. This was an example of theories where a Vector-
like quark must be present to solve the hierarchy problem. In the next sections
we will introduce another example where the fermion masses can be in the TeV
scale.
3.1 Quiver Theories
This section has attempted to provide a brief summary of the literature relating
to quiver theories [7, 8, 10], because these are another possibility to address
the hierarchy problem and the fermion mass hierarchies, in similar way to AdS5
theories [5, 13, 14]. To study the more important phenomenology associated with
the excited SM particles as studied in Ref. [10], we need to compute the couplings
involved by obtaining their wave functions as we will see below.
In the quiver theories approach we consider a four dimensional (4D) gauge
theory associated with a product gauge group
G = G0 ×G1 × . . .×GN−1 ×GN . (3.30)
Here, we will consider that Gj = SU(n)j is a gauge symmetry, where j =
0, 1, . . . , N. In addition to this framework, we include a set of scalar link fields
Φj, with j = 1, . . . , N , such that Φj transforms under the bi-fundamental repre-
sentation of groups Gj−1 ×Gj, as follows:
Φj → Uj−1ΦjU †j . (3.31)
The action with the considerations mentioned above is given by
S =
∫
d4x
{
N∑
j=0
−1
2
Tr
[
F jµν F
jµν
]
+
N∑
j=1
Tr
[
(DµΦj)
†(DµΦj)
]− V (Φj)} ,
(3.32)
22 New Fermions in BSM Theories
where F jµν = F
j a
µν T
a
j is the gauge field strength tensor. Here T
a
j are the generators
of the symmetry group SU(n)j and F
j a
µν is more explicitly given by
F j aµν = ∂µA
j a
ν − ∂νAj aµ + gj f j abc Aj bµ Aj cν , (3.33)
where f j abc are related through the commutation relations [T aj , T
b
j ] = if
j abcT cj .
The covariant derivative DµΦj is given by
DµΦj = ∂µ Φj + igj−1 Aaµ,j−1 T
a
j−1 Φj − igj Φj Aaµ,j T aj . (3.34)
In addition, we assume that the Φj’s develop a diagonal VEV, such that SU(n)j−1×
SU(n)j is broken down to the diagonal group. This means that for each VEV
we have to have n2 − 1 Nambu-Goldstone Bosons (NGBs) and we can use the
parameterization of the non-linear sigma models for the Φj’s given by
Φj = vje
ipiaj Tˆ
a
j /vj , (3.35)
where the broken generators are Tˆ aj ’s, the NGBs are pi
a
j and the Φj’s VEVs vj are
related with the breaking of SU(n)j−1×SU(n)j. The model can be schematically
represented by Figure (3.4). We choose to parametrize the vj’s as
vj = vq
j, (3.36)
with 0 < q < 1, such that v is the UV mass scale and then we have that the
vj’s decrease as follow v1... > vj... > vN . These choices have been studied in
[7, 8, 9, 10]. In this example we can consider that each gauge coupling satisfies
g0 = g1 = ...gN = g, (3.37)
and as we have indicated that all gauge groups are identical T aj = T
a
j−1 = T
a, with
j = 1, . . . , N. The action (3.32) can be represented by the bosonic quiver diagram
of Figure (3.4), where the circles represent the gauge group’s Gj, j = 0, 1, . . . , N .
Here j is identified with the index of the site in the quiver diagram, henceforth
we will call j as site index. To expand the kinetic term of the Φj’s in (3.32), we
need to use (3.35). we obtain
G0 G1 Gj GN−1 GN
Φ1 Φj Φj+1 ΦN
Figure 3.4: Quiver diagram associated with the theory in (3.32).
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Tr
[
(DµΦj)
†(DµΦj)
]
= Tr
[
(∂µΦj)
†(∂µΦj)
]
+ gTr
[
i(∂µΦj)
†(Aµj−1Φj − ΦjAµj ) + h.c.
]
+ v2j g
2Tr
[
Aµ,j−1A
µ
j−1
]− 2g2Tr [Φ†jAµ,j−1ΦjAµj ]
+ v2j g
2Tr
[
Aµ,jA
µ
j
]
. (3.38)
After that, we replace (3.35) in (3.38), using the normalization Tr
[
T aT b
]
=
1
2
δab, such that we consider only quadratic terms in the fields piaj and A
a
µ,j. Thus
we have
N∑
j=1
Tr
[
(DµΦj)
†(DµΦj)
]
=
N∑
j=1
[
1
2
(∂µpi
a
j )
2 − vjg ∂µpiaj (Aµ aj − Aµ aj−1) +
1
2
v2j g
2(Aaµ,j−1)
2
−v2j g2Aaµ,j−1Aµ aj +
1
2
v2j g
2(Aaµ,j−1)
2
]
=
N∑
j=1
1
2
[∂µpi
a
j − vjg(Aµ aj − Aµ aj−1)]2. (3.39)
As we can see, (3.39) includes the cross term mixing the NGBs with the gauge
bosons in (3.32). To cancel these quadratic terms of the form ∂µpi
a
j (A
µ a
j −Aµ aj−1),
we chose to introduce the gauge-fixing term
LGF = − 1
2ξ
N∑
j=0
[∂µA
µ a
j + ξg(vjpi
a
j − vj+1piaj+1)]2, (3.40)
where ξ is the gauge parameter, and we considered that ξ is the same site for all
sites. Then (3.40) can be written as
LGF = − 1
2ξ
N∑
j=0
(∂µA
µ a
j )
2 +
N∑
j=0
gAµ aj (vj∂µpi
a
j − vj+1∂µpiaj+1)
− 1
2
N∑
j=0
ξ[g(vjpi
a
j − vj+1piaj+1)]2, (3.41)
where the second term was integrated by parts. This can be rewritten as follows
LGF = − 1
2ξ
N∑
j=0
(∂µA
µ a
j )
2 +
N∑
j=1
gvj∂µpi
a
j (A
µ a
j − Aµ aj−1)
− 1
2
N∑
j=0
ξ[g(vjpi
a
j − vj+1piaj+1)]2. (3.42)
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Thus the action (3.32), using (3.39), with the inclusion of the gauge-fixing term
in the form of (3.42) is given by
S =
∫
d4x
{
−
N∑
j=0
[
1
4
(F j aµν )
2 +
1
2ξ
(∂µA
µ a
j )
2
]
+
1
2
N∑
j=1
(∂µpi
a
j )
2
− 1
2
N−1∑
j=1
ξ[g(vjpi
a
j − vj+1piaj+1)]2 −
1
2
ξg2v21(pi
a
1)
2 − 1
2
ξg2v2N(pi
a
N)
2
+
1
2
N∑
j=1
v2j g
2(Aµ aj − Aµ aj−1)2
}
. (3.43)
Notice that this action includes the mass terms of NGBs and gauge bosons. The
mass term for the NGBs in the Lagrangian associated with the action (3.43) is
given by
LMpi = −
1
2
N−1∑
j=1
ξ[g(vjpi
a
j−vj+1piaj+1)]2−
1
2
ξg2v21(pi
a
1)
2−1
2
ξg2v2N(pi
a
N)
2 ≡ −1
2
piaTM2pipi
a,
(3.44)
where piaT was written in the basis piaT = (pia1 , pi
a
2 , . . . , pi
a
N). To write the mass
matrix M2pi for the NGBs, we used the parametrization (3.36), obtaining
M2pi = g
2v2ξ

2q2 −q3 0 . . . 0 0
−q3 2q4 −q5 . . . 0 0
0 −q5 2q6 . . . 0 0
...
...
...
. . .
...
...
0 0 0 . . . 2q2(N−1) −q2N
0 0 0 . . . −q2N 2q2N

. (3.45)
The determinant of M2pi is given by
Det[M2pi ] = (g
2v2ξ)N(N + 1)qN(N+1). (3.46)
We can see that it is different from zero. In other words, the NGBs have no zero
mode in their mass eigenstate basis, such that these NGB masses are proportional
to
√
ξ, so by taking the limit ξ →∞, it corresponds to the unitary gauge. In this
limit the NGBs disappear from the theory. We will use this gauge, and we say
that the NGBs are eaten by the gauge bosons which become massive. We will see
later that it is possible to extend one of the NGBs to be the Higgs by choosing
differently the boundary conditions.
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To determine the spectrum of the massive gauge bosons, we consider the mass
term for the gauge bosons in the Lagrangian associated with the action (3.43)
that is given by
LMA =
1
2
N∑
j=1
v2j g
2(Aµ aj − Aµ aj−1)2 ≡ −
1
2
(Aaµ)
TM2AA
µ a. (3.47)
Analogously to the case of the NGBs, (Aaµ)
T was written in the basis (Aaµ)
T =
(Aµ,0, Aµ,1, . . . , Aµ,N), and using the parametrization (3.36), M
2
A can be written
as follows
M2A = g
2v2

q2 −q2 0 0 . . . 0 0
−q2 q2 + q4 −q4 0 . . . 0 0
0 −q4 q4 + q6 −q6 . . . 0 0
...
...
...
...
. . .
...
...
0 0 0 0 . . . q2(N−1) + q2N −q2N
0 0 0 0 . . . −q2N q2N

.
(3.48)
The spectrum of masses can be obtained by diagonalizing this matrix. For this
purpose, we will define the orthonormal rotation
Aaµ,j =
N∑
n=0
f j,nAa (n)µ , (3.49)
where the A
a (n)
µ are the mass eigenstates, such that in this basis LMA can be
written as
LMA =
1
2
N∑
n=0
m2n(A
a (n)
µ )
2. (3.50)
Here we perform a numerical calculation of f j,n for hypothetical gauge bosons,
following our previous formulation. Considering v . MP = 1019 GeV and vN ∼=
O(1) TeV, We show their wave-functions in Figures (3.5) and (3.6) for N = 4
and N = 15, respectively. In both cases, the zero mode of gauge bosons will be
flat as in AdS5 theories with fields in the bulk [13, 27].
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Figure 3.5. Gauge boson wave functions, where j is a index of site and n is a index
of Kaluza-Klein mode. In this case N = 4 and some allowed n are shown. For the
visualization, we choose by the opposite signs of f j,0 and f j,2.
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Figure 3.6. Gauge boson wave functions, where j is a index of site and n is a index
of Kaluza-Klein mode. In this case N = 15 and some allowed n are shown. For the
visualization, we choose by the opposite signs of f j,2 and f j,3.
In order to understand better the behavior of the gauge boson wave functions,
we now look at the equations they satisfy.
The coefficients f j,n can be obtained from the equations of motion for the fields
Aµj by using the Lagrangian given for
LA =
N∑
j=0
{
−1
4
Fµν,j F
µν
j +
g2
2
[vj(Aµ,j−1 − Aµ,j)]2
}
, (3.51)
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where for simplicity, the abelian case was supposed. and then we can use the
Euler-Lagrange equations
∂L
∂Aν,j
− ∂µ
(
∂L
∂(∂µAν,j)
)
= 0, (3.52)
we obtain the following equation
(∂2Aνj − ∂ν∂µAµj ) + g2v2j (Aνj − Aνj−1) + g2v2j+1 (Aνj − Aνj+1) = 0. (3.53)
Now, we will use Lorentz gauge ∂µA
µ
j = 0 and substituting (3.49) in (3.53) we
obtain
f j,n∂2Aν,(n) + g2v2q2j[(1 + q2)f j,n − f j−1,n − q2f j+1,n]Aν,(n) = 0. (3.54)
Imposing that Aν,(n) satisfies the Proca equation, that is
∂2Aν,n = −m2nAν,n, (3.55)
thus, we substitute (3.55) and using the definition x2n ≡ m2n/g2v2 in (3.54), it
happens that we obtain
[q + q−1 − q−1(xnq−j)2]f j,n − qf j+1,n − q−1f j−1,n = 0, (3.56)
jointly with the discrete Neumann boundary conditions
f 0,n = f−1,n, fN,n = fN+1,n, (3.57)
with the normalization condition
N∑
j=0
(f j,n)2 = 1. (3.58)
We will now concentrate in the zero mode, n = 0 and m0 = 0.
The equation (3.56) for the zero mode is
[q + q−1]f j,0 − qf j+1,0 − q−1f j−1,0 = 0, (3.59)
such that for j = 0 in (3.56), we have
[q + q−1]f 0,0 − qf 1,0 − q−1f−1,0 = 0,
and using (3.57) we obtain
f 0,0 = f 1,0, (3.60)
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iterating to the others j′s we have
f 0,0 = f 1,0 = f 2,0 = ... = fN,0, (3.61)
and by using the normalization condition (3.58), we obtain
fj,0 =
1√
N + 1
. (3.62)
This means that the components of zero mode are equal in all sites. It is analogous
to what happens in AdS5 theory, where the zero modes of the gauge bosons are
delocalized, as can be seen in Figures (3.5) and (3.6) for n = 0. For massive
modes the equation (3.56) has solution as shown in Ref. [28]. For this purpose
we define the following variables
t[j] = xnq
−j, (3.63)
F (t[j]) = qjf j,n, (3.64)
and we substitute (3.63) and (3.64) in the equation of q-differences (3.56) we
obtain
(q + q−1 − q−1t2)F (t)− F (tq−1)− F (tq) = 0. (3.65)
The equation (3.65) is a special case of Hahn-Exton equation [28, 29] with solu-
tions that are called q-Bessel functions. More general solutions can be written as
F (t) = AJ1(t; q
2) +BY1(t; q
2), (3.66)
where in general Jν(t; q
2) and Y1(t; q
2) are the q-Bessel and q-Neumann functions
respectively. It is interesting to examine the continuum limit q → 1− andN →∞,
as we will in the next section, we obtain the continuous ordinary functions of
Bessel and Neumann [28],
Jν(t; q) = t
ν (q
ν+1; q)∞
(q; q)∞
∞∑
i=0
(−1)iqi(i+1)/2
(qν+1; q)i(q; q)i
t2i, (3.67)
with the factors (y; q)i are defined as
(y; q)k =
{
1 se k = 0∏k−1
n=0(1− yqn) se k ≥ 1
(3.68)
for y ∈ C, i ∈ Z+ = {0, 1, 2, . . .} and (y; q)∞ ≡ limi→∞(y; q)i. Meanwhile
Yν(t; q) =
Γq(ν)Γq(1− ν)
pi
q−ν
2/2[cos(piν)qν/2Jν(t; q)− J−ν(tq−ν/2; q)], (3.69)
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where the function Γq(ν) is defined for
Γq(ν) =
(q; q)∞
(qν ; q)∞
(1− q)1−ν . (3.70)
Using (3.64), (3.65) and the boundary conditions (3.57), it is possible to find
the coefficients f j,n to within a constant Nn that can be obtained from the nor-
malization condition (3.58) as follow
f j,n = Nnq
−j[Y0(xn; q2)J1(xnq−j; q2)− J0(xn; q2)Y1(xnq−j; q2)]. (3.71)
Additionally, the spectrum of masses is obtained from the equation
J0(xn; q
2)Y0(q
−(N+1)xn; q2) − Y0(xn; q2)J0(q−(N+1); q2) = 0. (3.72)
In the continuum limit, when q → 1−, these coefficients (3.71) coincide to the
wave functions of the excited gauge bosons in AdS5 theory. Thus with the decon-
struction of a 5-dimensional gauge theory it is possible to produce a correspondent
quiver theory in four dimensions.
3.1.1 Relation to AdS5
We know that the AdS5 theories solve the gauge hierarchy problem, as well as the
hierarchy of fermion masses. However, these theories are non renormalizable, so
it is interesting to obtain a higher universe of theories that solve large hierarchies.
We will start considering a continuous 5-dimensional gauge action in the Abelian
case. The extension to the non-Abelian case is straightforward. Working with
AdS5 theories, where the extra dimension is compactified on the orbifold S1/Z2
with −L ≤ y ≤ L and the metrics is given by
ds2 = e−2k|y|ηµνdxµdxν − dy2, (3.73)
where k is the AdS5 curvature. The action for gauge bosons is given by
SA =
∫
d5x
√
g
[
− 1
4g25
FMNF
MN
]
, (3.74)
where g5 is the gauge coupling in 5 dimensions, and FMN = ∂MAN − ∂NAM with
M = 0, 1, 2, 3 and 5 (y).
The action (3.74) can be simplified to
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SA5 =
∫
d5x
√
g
[
− 1
4g25
gMOgNPFMNFOP
]
,
=
∫
d4x
∫ L
0
dy
√
g
[
− 1
4g25
e4kyFµνF
µν +
1
2g25
e2ky (F5µ)
2
]
,
=
∫
d4x
∫ L
0
dy
[
− 1
4g25
FµνF
µν +
1
2g25
e−2ky (∂5Aµ − ∂µA5)2
]
. (3.75)
We will discretize the compact dimension, with spacing `. So the action (3.75)
will now be
SA5 = `
∫
d4x
[
N∑
j=0
− 1
4g25
(F jµνF
jµν)
+
N∑
j=1
1
2g25
e−2k`j
(
Ajµ − Aj−1µ
`
− ∂µAj5
)2 ]
, (3.76)
where the derivatives with respect to y taken to be discretized. This action can
be compared to the action from the quiver theory, To make this clear we will
rescale the gauge fields as
SA4 =
∫
d4x
[
−
N∑
j=0
1
4g2
(Fµν,j F
µν
j )
+
1
2
N∑
j=1
[∂µpij + vj(Aµ,j−1 − Aµ,j)]2
]
. (3.77)
We can see the equivalence of both theories setting the dictionary between
discretized five-dimensional gauge theory with the purely four-dimensional gauge
theory (3.77) as shown in Ref. [7]. The dictionary identifying both theories is
shown in Table (3.1). In this way, we identify the sites zero and N as branes UV
and IR respectively.
We know that AdS5 theories solve the hierarchy problem of particle physics
for kL ≈ 37 [13, 30, 31, 32]. The continuous theory (AdS5) is obtained from a
quiver theory when N →∞, such that N` = L, where L is the size of the extra
dimension and ` is the network spacing. So we have
kN` ∼ 37. (3.78)
Now, we will see that happens by using (3.36), the matching in Table (3.1), jointly
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Theory with 4 dimensions Theory with 5 dimensions
1
g2
↔ `
g25
v ↔ 1√
`g5
q ↔ e−k`
Table 3.1. Dictionary between a quiver theory and a gauge theory with 5 dimensional
discretized with a curve extra dimension.
with v .MP = 1019 GeV and vN ∼= O(1) TeV,
e−kN` =
vN
v
' 10−16, (3.79)
and then
q ' 10−16/N . (3.80)
In the continuum limit we have that (3.79) corresponds to the expression in
AdS5 theories with metric given by (3.73). So we see that the deconstruction
of AdS5 can be seen as a way to obtain four-dimensional theories that solve the
hierarchy problem. This will be the case as long as (3.80) is satisfied. However,
for large values of N the four-dimensional theory is very similar to AdS5. In order
to obtain a very different theory from deconstruction, N must be small.
From (3.80) we can infer the following relation
k` ∼ 37
N
, (3.81)
identifying two cases, the first one is if N > 37, this meas that k` < 1 or
k < ΛUV , we still have an AdS5 theory. But if N < 37, then k` > 1 or k > ΛUV ,
then N < 37, we will have a pure four-dimensional theory different from AdS5,
since no continuum limit possible since curvature is larger than MPlanck.
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3.1.2 Higgs in Quiver Theories
In the SM, the Higgs boson is required in order to trigger EWSB. However we do
not know how the Higgs sector was obtained in low energies. One possibility to
consider is the Higgs as a pNGB as shown in Refs. [23, 33, 34, 35]. The discovery
of the Higgs boson of the SM [1, 2], suggests that we need to focus not only
on gauge bosons and fermions, as we will see in the next subsection, but on the
Higgs sector of quiver theories as recently considered in Refs. [8, 9, 10, 12, 36].
In this section we include the Higgs as a pNGB. This is achieved by switching on
the gauge fields associated to Gj, with j = 1, ..., N − 1, and reducing the gauge
groups G0 to H0 and GN to HN so that some of the NGBs are not eaten by gauge
bosons. Here H0 and HN are subgroups of G0 and GN respectively. Consequently,
to consider the Higgs as a pNGB, the gauge structure given in Figure (3.4) needs
to be modified.
H0 SU (3) SU (3) SU (3) HN
Φ1 Φj Φj+1 ΦN
Figure 3.7: Quiver diagram associated with a quiver theory considering the Higgs
as a pNGB, where Gj = SU(3), 0 < j < N and H0 = HN = SU(2) × U(1) will
be gauged.
Here, we would have four degrees of freedom that will be identified with the
degrees of freedom of the Higgs doublet, after the breaking of the quiver sym-
metry. In particular, we will switch on the gauge fields associated to SU(3)j for
1 < j < N − 1 and H0 = HN = SU(2) × U(1), the gauge structure in this
case is given by the quiver diagram in Figure (3.7). In this way, in the 0 and
N sites, the symmetry SU(2) × U(1) not include the generators associated to
SU(3)/SU(2) × U(1), where the matrices in the fundamental representation of
SU(3) are given by the eight Gell-Mann matrices
T a =
λa
2
. (3.82)
These matrices are given by
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λ1 =
 0 1 01 0 0
0 0 0
 , λ2 =
 0 −i 0i 0 0
0 0 0
 , λ3 =
 0 −1 00 1 0
0 0 0
 ,
λ4 =
 0 0 10 0 0
1 0 0
 , λ5 =
 0 0 −i0 0 0
i 0 0
 , λ6 =
 0 0 00 0 1
0 1 0
 ,
λ7 =
 0 0 00 0 −i
0 i 0
 , λ8 = 1√
3
 1 0 00 1 0
0 0 −2
 . (3.83)
We define the matrices
Y a ≡ {T 1, T 2, T 3, T 8} (3.84)
and
Xα ≡ {T 4, T 5, T 6, T 7}, (3.85)
are the generators associated to SU(2)× U(1) and SU(3)/SU(2)× U(1) respec-
tively. We use the convention that Latin and Greek indices take values of 1, 2,
3, 8 and 4, 5, 6, 7, respectively. Notice that the generators Xα will be associated
with the degrees of freedom of the Higgs doublet. Now, we will expand the kinetic
term of the Φj’s, such that we will consider only quadratic terms in the NGBs
and gauge fields associated to the generators Xα
1
2
[∂µpi
α
1 − v1gAαµ1]2 +
N−1∑
j=2
1
2
[∂µpi
α
j − vjg(Aαµj − Aαµ,j−1)]2
+
1
2
[∂µpi
α
N + vNgA
α
µN ]
2. (3.86)
The cross terms mixing the NGB’s with the gauge bosons associated to Xα can
be canceled by introducing the gauge-fixing term
LG = −
N−1∑
j=1
1
2ξ
[∂µA
µα
j − ξg(vjpiαj − vj+1piαj+1)]2. (3.87)
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After adding this gauge-fixing term to expansion in (3.86), we obtain
1
2
N∑
j=1
(∂µpi
a
j )
2 −
N−1∑
j=1
1
2ξ
(∂µA
µ α
j )
2 − 1
2
N−1∑
j=1
ξ[g(vjpi
a
j − vj+1piaj+1)]2
+
1
2
N−1∑
j=2
v2j g
2(Aµ αj − Aµ αj−1)2 −
1
2
g2v21(A
µ α
1 )
2 − 1
2
g2v2N(A
µ α
N−1)
2. (3.88)
Here, we identify the mass matrix M2Aα for the gauge bosons associated to X
α,
this is given by
M2Aα = g
2v2

q2 + q4 −q4 0 0 · · · 0 0
−q4 q4 + q6 −q6 0 · · · 0 0
...
...
...
...
. . .
...
...
0 0 0 0 · · · −q2N q2(N−1) + q2N
 , (3.89)
where we used the parametrization (3.36). We also identify the mass matrix M2pi
for the NGBs associated to Xα as follow
M2piα = g
2v2ξ

q2 −q3 0 0 · · · 0 0
−q3 2q4 −q5 0 · · · 0 0
0 −q5 2q6 −q7 · · · 0 0
...
...
...
...
. . .
...
...
0 0 0 0 · · · 2q2(N−1) −q2N−1
0 0 0 0 · · · −q2N−1 q2N

. (3.90)
But now, unlike in the case of (3.45), the determinant vanishes:
Det[M2piα ] = 0. (3.91)
This indicates that the NGBs associated to Xα have a zero mode in their mass
eigenstate basis. This mode is a physical state due the fact that, in the unitary
gauge, that is, ξ →∞, this state will not disappear from the theory.
Now, we will define the orthonormal rotation that diagonalizes M2piα
piαj =
N∑
n=1
bj,npiα (n), (3.92)
where the index n indicates the eigenmode. Since we are interested in the zero
mode, we focus on bj,0, henceforth we will denote it as bj. It is possible to show
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(using the eigenvalue equation associated to M2piα for the zero eigenvalue) that,
bj =
qN−j√
N∑
j=1
q2(j−1)
, (3.93)
where we used the normalization condition
N∑
j=1
|bj|2 = 1. (3.94)
Then, by using (3.92) and (3.93), we obtain
piα (0) =
N∑
j=1
qN−j√
N∑
j=1
q2(j−1)
piαj . (3.95)
The expression (3.93) indicates that the Higgs is always localized close the N-th
site. This fact will be used in Subsection 3.1.5.
Also, we notice that the combination piαj X
α gives
piαj X
α =
1
2
 0 0 pi4j − ipi5j0 0 pi6j − ipi7j
pi4j + ipi
5
j pi
6
j + ipi
7
j 0
 , (3.96)
where the Higgs doublet H, as shown in Ref. [10], is identified as (h1 h2)
T , where
h1 and h2 are given by
1√
2
(pi4j − ipi5j ) and 1√2(pi6j − ipi7j ) respectively.
In this way, we have obtained a Higgs out of the breaking of the (partially gauged)
global symmetry H0×G1×. . .×GN−1×HN . Is this global symmetry that protects
the Higgs mass.
3.1.3 Fermions in Quiver Theories
We will study the spectrum of Vector-like quarks in quiver theories and their
couplings to gauge bosons and the Higgs as can be found in Ref. [10]. Then the
phenomenology will be done in the following chapter.
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The fermions are included in the quiver theories by the following action:
Sψ =
∫
d4x
{
N∑
j=0
[
ψ¯L,ji/DjψL,j + ψ¯R,ji/DjψR,j − (µjψ¯L,jψR,j + h.c.)
]
−
N∑
j=1
λ (ψ¯R,j−1ΦjψL,j + h.c.)
}
, (3.97)
where the fermions ψj are vector-like, transform in the fundamental repre-
sentation of SU(n)j, λ are Yukawa couplings, and µj is the mass term in the
interaction eigenstates.
G0
Φ1
G1
Φ2
G2
ΦN
GN−1 GN
ψL,NψL,N−1ψL,2ψL,1ψL,0
ψ¯R,0 ψ¯R,1 ψ¯R,2 ψ¯R,N−1
Figure 3.8: Quiver diagram including the fermions in the action in (3.97), with
the condition that the spectrum includes a fermion with left-handed zero mode.
Using the link fields in terms of their VEVs (3.36), as shown in Refs. [7, 8,
10, 12]. In addition, we need to consider the next relations that were shown in
Ref.[7]
µj = −gvqc+j+1/2, λ = g, (3.98)
where c is the localization parameter for fermions associated to AdS5 theories for
fermions in the Bulk. Now, we can identify the mass term for the fermions in the
Lagrangian associated with the action (3.97) as
LMψ = −
N∑
j=0
(µjψ¯L,jψR,j +h.c.)−
N∑
j=1
λvj (ψ¯R,j−1ψL,j +h.c.) ≡ −ΨLMTψ ΨR+h.c.,
(3.99)
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G0
Φ1
G1
Φ2
G2
ΦN
GN−1 GN
ψL,NψL,N−1ψL,2ψL,1
ψ¯R,0 ψ¯R,1 ψ¯R,2 ψ¯R,N−1 ψ¯R,N
Figure 3.9: Quiver diagram including the fermions in the action in (3.97), with
the condition that the spectrum includes a fermion with right-handed zero mode.
where ΨTL/R was written in the basis Ψ
T
L/R = (ψL/R,0, ψL/R,1, . . . , ψL/R,N), we
can change from this basis to the mass eigenstate basis as follow
ψL/R,j =
N∑
n=0
hj,nL/Rχ
(n)
L/R, (3.100)
where χ
(n)
L/R are the mass eigenstate. Thus, to find ψL,j as a linear combination
of χ
(n)
L , we can obtain it by diagonalizing the matrix
MTψMψ =

µ20 λµ0v1 0 · · · 0 0
λµ0v1 λ
2v21 + µ
2
1 λµ1v2 · · · 0 0
0 λµ1v2 λ
2v22 + µ
2
2 · · · 0 0
...
...
...
. . .
...
...
0 0 0 · · · λ2v2N−1 + µ2N−1 λµN−1 vN
0 0 0 · · · λµN−1 vN λ2v2N + µ2N

.
Analogously we diagonalize the matrix MψM
T
ψ to obtain ψR,j as a linear com-
bination of χ
(n)
R . Now, we need to indicate if the action (3.97) belongs to a fermion
with left- or right- handed zero mode. Thus, the case where we will have a fermion
with left-handed zero mode is achieved by taking µN = 0, it corresponds to the
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quiver diagram of Figure (3.8), in this case the linear combination
ψL,j =
N∑
n=0
hj,nL (cL)χ
(n)
L (3.101)
is found by diagonalizing the matrix
MTψMψ = g
2v2

q2cL+1 −qcL+ 32 . . . 0 0
−qcL+ 32 q2cL+3 + q2 . . . 0 0
0 −qcL+ 72 . . . 0 0
...
...
. . .
...
...
0 0 . . . q2cL+2N−1 + q2(N−1) −qcL+ 12 (4N−1)
0 0 . . . −qcL+ 12 (4N−1) q2N

.
(3.102)
To write this matrix explicitly, the parametrizations (3.36) and (3.98) were
used.
On the other hand, if we take µ0 = 0, we will have a fermion with right-
handed zero mode, for this case the quiver diagram corresponds to Figure (3.9),
such that the linear combination
ψR,j =
N∑
n=0
hj,nR (cR)χ
(n)
R (3.103)
can be found by diagonalizing the matrix
MψM
T
ψ = g
2v2

q2 −qcR+ 52 . . . 0 0
−qcR+ 52 q4 + q2cR+3 . . . 0 0
0 −qcR+ 92 . . . 0 0
...
...
. . .
...
...
0 0 . . . q2cR+2N−5 + q2(N−2) −qcR+ 12 (4N−7)
0 0 . . . −qcR+ 12 (4N−7) q2cR+2N−3

,
(3.104)
where we used the parametrizations (3.36) and (3.98). Notice that the values
of cL,R for fermions zero mode of the SM were found in Ref. [8]
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3.1.3.1 Equation of Motion for ψL,j and ψR,j
We saw that χ
(n)
L and χ
(n)
R are the mass eigenstates. We will impose that they
satisfy the Dirac equation
i/∂χ
(n)
L −mnχ(n)R = 0, (3.105)
i/∂χ
(n)
R −mnχ(n)L = 0. (3.106)
On the other hand the equations of motion can be obtained from (3.97). Ex-
pressing the link fields in terms of their VEVs, we obtain
for ψ¯R,j : i /∂ ψR,j + λvj+1 ψL,j+1 + µj ψL,j = 0, (3.107)
for ψ¯L,j : i /∂ ψL,j + λvj ψR,j−1 + µj ψR,j = 0. (3.108)
Using (3.100), (3.107) and (3.108) we obtain
mn h
j,n
R + µj h
j,n
L + λvj+1 h
j+1,n
L = 0, (3.109)
mn h
j,n
L + µj h
j,n
R + λvj h
j−1,n
R = 0, (3.110)
where the equations (3.109) and (3.110) are coupled. After decoupling these we
obtain(
µ2j + λ
2v2j −m2n
)
hj,nL + λµjvj+1h
j+1,n
L + λµj−1vjh
j−1,n
L = 0, (3.111)
(
µ2j + λ
2v2j+1 −m2n
)
hj,nR + λµj+1vj+1h
j+1,n
R + λµjvjh
j−1,n
R = 0. (3.112)
In the next subsection we will obtain the analytical zero mode wave functions
by imposing conditions to have a left-handed zero mode or a right-handed zero
mode.
Zero Mode Wave-Function
To obtain the SM fermion spectrum as the zero modes, we can impose as boundary
condition hN,nR = 0, that is ψR,N = 0 to obtain a left-handed zero mode, or we
can impose h0,nL = 0, that corresponds to ψL,0 = 0 to obtain a right-handed zero
mode.
In the case of a left-handed zero mode, we use (3.109) to obtain
µj h
j,0
L + λvj+1h
j+1,0
L = 0,
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which is equivalent to
hj+1,0L
hj,0L
= qcL−1/2. (3.113)
Since 0 < q < 1, for cL > 1/2 the left-handed zero mode wave function will
be “localized” close to the zero site corresponding to the left side of quiver dia-
gram in Figure (3.8), and for cL < 1/2 it will be localized close to the N site, that
corresponds to the right side of the quiver diagram in Figure (3.9). The 0 site cor-
responds to the UV scale because v1 is largest and the N site corresponds to the
IR scale because vN is the smallest VEV. Nothing to do with fermion localization.
Alternatively, if we consider a right-handed zero mode, we use (3.110) to obtain
µj h
j,0
R + λvjh
j−1,0
R = 0,
and then
hj,0R
hj−1,0R
= q−(cR+1/2). (3.114)
So for cR > −1/2 the right-handed zero mode wave function is localized in the N
site (IR), on the other hand for cR < −1/2 it will be localized closer to the zero
site (UV).
To obtain an analytical expression for the zero mode wave functions for the
fermions, we write
hj,0L,R = z
j
L,Rh
0,0
L,R, (3.115)
where we have considered the definitions zL ≡ qcL−1/2 and zR ≡ q−(cR+1/2), such
that the normalization conditions for the zero mode wave functions can be written
as follows
N∑
j=0
|hj,0L,R|2 = |h0,0L,R|2
N∑
j=0
z2jL,R = 1, (3.116)
and then we obtain
h0,0L,R =
√√√√ 1− z2L,R
1− z2(N+1)L,R
. (3.117)
So if the zero mode wave function of a fermion is closer to the N site associated
to the scale (IR), this has more coupling with the Higgs. In analogous way, if
the zero mode wave function of a fermion is localized closer to the zero site, such
that it is associated to the scale UV, it has less coupling with the Higgs [8], given
that the Higgs is localized close to the N -th site.
3.1 Quiver Theories 41
The quiver theories will have characteristics similar to AdS5 theories, but from
this point of view we can say that they have different phenomenology, in impor-
tant aspects of the theory. We mention that the AdS5 theories are a particular
case of quiver theories in the continuum limit.
Spectrum of Excited States
To understand the phenomenology, such as the production or decay of the excited
fermions in quiver theories, we need to compute the spectrum of these excited
states. Based on Subsection 3.1.3, we computed the masses of the excited fermions
(n > 0) by diagonalizing the fermion mass matrices (3.102) or (3.104) to have
left- and right-handed zero modes, respectively. Once we have fixed N jointly
with v = MP = 10
19 GeV and vN =1 TeV, then these matrices will depend on
the localization parameters.
Thus the masses for the first excited states of fermions with left-handed zero
modes are shown in Figure (3.10), for cL > 0.5, i.e., in which their left-handed
zero modes wave functions are localized in the UV sites; the masses will be of
order vN , differently, for cL < 0.5, the masses will be exponentially heavier.
The case when there are right-handed zero modes, the masses for the first excited
states of fermions are shown in Figure (3.11). We see that for cR > −0.5, i.e.,
the case in which their right-handed zero modes wave functions are localized in
the IR sites; similarly to the previous case, the masses will be of order vN and be
exponentially heavier for cR < −0.5.
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Figure 3.10. Masses of the first excited states of the fermions that belong to their
tower with left-handed zero mode, the solid and dashed lines correspond to N=4, 15,
respectively.
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Figure 3.11. Masses of the first excited states of the fermions that belong to their
tower with right-handed zero mode, the solid and dashed lines correspond to N=4, 15,
respectively.
Having computed the wave functions and mass spectrum for the fermion ex-
citations, their couplings will be computed below.
3.1.4 Couplings of Fermionic Excited States
Based in the approach of [10, 11, 12] we can now compute the couplings of the
excited fermions to the gauge bosons and the Higgs sector in the frame of quiver
theories. The rest of this subsection is organized as follows: First, we show how
to compute the couplings of the excited fermions to gauge boson excitations, for
both cases left- and right-handed fermion zero modes. We will concentrate in
computing the couplings of the zero-mode fermions, for the cases of the first and
third generations of quarks, to the first excited state of a gluon. In addition, the
couplings of the excited fermions to their zero mode and the first excited gauge
bosons. Afterwards we shall focus on obtaining the couplings of the fermions
considered in the previous subsection to the Higgs sector. The relevant wave
functions showing in Appendix A will be used below.
3.1.4.1 Couplings to Gauge Bosons
We will obtain the coupling of the excited fermions to gauge boson excitations in
the quiver theories. These couplings are included in the kinetic terms in (3.97).
We first consider the case where the spectrum includes a fermion with a left-
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handed zero mode, as follows
LΨLA =
N∑
j=0
g˜jψ¯L,j γ
µAµ,jψL,j, (3.118)
where g˜j is the gauge coupling associated with the SU(n)j gauge group,
ψL,j and Aµ,j are interaction eigenstates associated to the site j, such that
j = 0, 1, . . . , N .
Now, We can write the fields included in (3.118) by using their mass eigen-
states basis (3.49) and (3.101). Note also in this case that hj,nL is given in (3.100)
and obtained by diagonalizing the matrix MTψMψ (3.102) by taking µN = 0, such
that (3.118) can be written as
LΨLA =
N∑
j,n,m,p=0
[
g˜(hj,nL )
∗f j,mhj,pL
]
χ¯
(n)
L γ
µA(m)µ χ
(p)
L , (3.119)
where we have used the expansion given in (3.49), A
(m)
µ = A
a (m)
µ T a and g˜j
was assumed to be equal to g˜. We also define the effective coupling of the n and
p fermion excitations to the m gauge boson excitation as
gn,m,pL ≡ g˜
N∑
j=0
[
(hj,nL )
∗f j,mhj,pL
]
. (3.120)
Notice that in (3.120), for a given number of sites in this model, this gn,m,pL
depends on the value of cL according to (3.101). In addition, it allows the mixing
between different modes of a left-handed fermion to a gauge boson excitation.
Now, to establish the relation between g˜ and the SM couplings, gn,m,pL in
(3.120), we impose that for n = m = p = 0
g0,0,0L = g˜
N∑
j=0
[
(hj,0L )
∗f j,0hj,0L
]
, (3.121)
we obtain the corresponding SM gauge coupling of the zero modes. We can use
(3.62) and the fact the hj,0L satisfies the normalization condition for a given value
of cL. The coupling g
0,0,0
L in (3.121) may be written in the form
g0,0,0L =
g˜√
N + 1
N∑
j=0
[
(hj,0L )
∗hj,0L
]
, (3.122)
from which we obtain
g0,0,0L = g =
g˜√
N + 1
, (3.123)
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where g is the gauge coupling of the SM, so (3.124) yields
g˜ = g
√
N + 1, (3.124)
and then substituting (3.124) into (3.120). We find then that
gn,m,pL = g
√
N + 1
N∑
j=0
[
(hj,nL )
∗f j,mhj,pL
]
. (3.125)
On the other hand, in the case of a fermion with right-handed zero mode, we
proceed in a similar way, analogously to the previous case. We have
LΨLA =
N∑
j=0
g˜jψ¯R,j γ
µAµ,jψR,j. (3.126)
Thus, considering this type of spectrum we can write
gn,m,pR = g
√
N + 1
N∑
j=0
[
(hj,nR )
∗f j,mhj,pR
]
, (3.127)
where for a fixed number of sites, gn,m,pR will depend on the value of cR, since
in this case hj,nR is obtained diagonalizing the matrix MψM
T
ψ (3.104) by taking
µ0 = 0. In subsections (3.1.4.1) and (3.1.4.1) we will show some results, for
couplings that involve a first excited state of a gauge boson to excited fermions.
Zero Mode
Here we perform a numerical calculation, first to obtain the couplings of the left-
handed zero mode to a first excited state of a gauge boson, i.e. g0,1,0L (cL). Using
(3.125), we obtain this coupling as a function of the localization parameter cL,
for specific quiver theories with five and sixteen sites, i.e. N = 4 and N = 15
respectively. As shown in Figure (3.12), that agrees with the analytical calculation
obtained in the previous Refs. [8, 9, 11]. In this plot there are two plateaus:
the upper plateau, for cL < 0.5 corresponds to left-handed fermions whose zero
modes are localized close to the N -th site, that is, in the IR region. And the
lower plateau, for cL > 0.5, where the left-handed fermions have their zero modes
localized close to the zeroth site, that is, in the UV region.
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Figure 3.12. Couplings of the left-handed zero mode to a first excited state of a
gauge boson, in units of the SM gauge boson coupling, as a function of the localization
parameter. For N=4, N=15.
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Figure 3.13. Couplings of the fermions with right-handed zero mode to a first excited
state of gauge boson, in units of the SM gauge boson coupling, as a function of the
localization parameter. For N=4, N=15.
We also obtain the couplings of the fermions with a right-handed zero-mode
46 New Fermions in BSM Theories
to a first excited state of gauge boson, i.e. g0,1,0R (cR), as a function of the local-
ization parameter cR, for specific quiver theories with five and sixteen sites, i.e.
N = 4 and N = 15 respectively, (3.125) was used.
The Figure (3.13) shows this calculation, which is in agreement with the ana-
lytical calculation obtained in the previous Refs. [8, 9, 11]. In this plot there are
also two plateaus: the lower plateau, for cR < −0.5, corresponds to right-handed
zero-mode fermions localized close to the zeroth site, that is, in the UV region.
And the upper plateau, for cR > −0.5, corresponds to right-handed zero-modes
localized close to the N -th site, that is, in the IR region.
Off Diagonal Couplings
We will compute the off diagonal couplings involving the first excited fermion, a
zero-mode fermion and a first excitation of gauge boson. This will be later used
to study the phenomenology of the excited fermions. A similar procedure was
followed to obtain the values of the couplings of the first excited fermions to their
zero mode and the first excited of a gauge boson. We use (3.120) and (3.127)
with n=0, and m=p=1, then we can substitute these values to obtain
g0,1,1L = g
√
N + 1
N∑
j=0
[
(hj,0L )
∗f j,1hj,1L
]
, (3.128)
where hj,0L , h
j,1
L and f
j,1 are obtained through rotation to the mass eigenstates
(3.49) and (3.101). Analogously we can obtain using (3.49) and (3.103)
g0,1,1R = g
√
N + 1
N∑
j=0
[
(hj,0R )
∗f j,1hj,1R
]
. (3.129)
As we have already mentioned, g0,1,1L and g
0,1,1
R depend on the values of cL and
cR. These couplings appear in the effective Lagrangian as
g0,1,1L χ¯
(0)
L γ
µA(1)µ χ
(1)
L + h.c. (3.130)
and
g0,1,1R χ¯
(0)
R γ
µA(1)µ χ
(1)
R + h.c. (3.131)
To calculate the couplings in (3.128) and (3.129), the localization parameters
cL,R that are found in Refs. [8, 11] were used. This choice corresponds to a solu-
tion that gives the correct quark masses as well as the correct CKM matrix. In
addition, we considered the values of cL,R for the first and third generation of SM
quarks. These localization parameters are cuR = −0.73, cuL = 0.62, cdR = −0.96
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and ctR = −0.12, ctL = 0.51, cbR = −0.61 for the first and third generation re-
spectively.
The results are displayed in Table (3.2), as shown in Ref. [10]. The column
labeled ’u(1)’ gives the values of the couplings between the first excited state of
the up quark from the first-generation of the SM to their zero mode, i.e., the up
quark and the first excited state of a gauge boson A(1) in units of the zero-mode
SM gauge coupling obtained by using the values of localization parameters cuL
and cuR , for left and right handed chiralities, and for quiver theories with N = 4
or N = 15.
Analogously, the column labeled ’d(1)’ contains the values of the couplings
between the first excited state of the down quark from the first-generation of
the SM to their zero mode, i.e., the down quark and the first excited state of a
gauge boson A(1) in units of the zero-mode SM gauge coupling. In this case we
used the values of localization parameters cuL and cdR . On the other hand the
columns labeled respectively ’t(1)’ and ’b(1)’, were obtained by using the values of
the localization parameters ctR , ctL and cbR , for left and right handed chiralities,
and for quiver theories with N = 4 or N = 15. As can be seen, just the largest
couplings are found in the third generation, particularly the right-handed top
sector for a quiver theory with N = 15. This is in agreement with the overlap
of the wave-functions that were shown in Figures (3.5) and (3.6) for the gauge
boson and top fermion with right-handed zero mode and localization parameter
cR for a quiver theory with N = 15.
N u(1) d(1) t(1) b(1)
4 L 0.028 0.028 0.85 0.85
R 5.2× 10−4 1.1× 10−7 0.075 0.04
15 L 0.033 0.033 0.83 0.83
R 7.1× 10−4 1.7× 10−7 1.49 0.046
Table 3.2. The couplings of the first excited fermions to their zero mode and the first
excited gauge boson, in units of the zero-mode SM gauge coupling, for N=4, N=15
3.1.5 Couplings to the Higgs Boson
Based on Subsection 3.1.3, where it was studied how treat the wave-functions
associated to fermions in quiver theories, we now consider the couplings of the
excited fermions to the Higgs sector. We will follow the approach from Ref. [10].
Then to obtain these couplings, we need to consider the general form of the
fermion couplings to the link fields that contain the Higgs doublet. As we have
seen in (3.97), it will involve fermions of the same tower ψL,j and ψR,j with a
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common zero mode, that is, after the application of the boundary condition to
have left- or right- handed zero mode.
Moreover, we consider another type of Yukawa terms involving fermions of
different towers, as follow
ψ¯R,j−1ΦjξL,j, (3.132)
where ξL,j is associated to a tower with a zero mode, and ψR,j−1 is associated
to a tower with a zero mode different from ξL,j. Notice that this term is gauge
invariant due also to the transformation (3.31), so is allowed by the theory.
Here the term given in (3.132) is related to the quiver diagram of Figure (3.14).
In contrast to the Yukawa terms included in (3.97), where these can be obtained
from the deconstruction of AdS5 theory with fermions as shown in Ref. [7] and
then these have analog in the continuum limit, the term in (3.132) does not have
analog in the continuum limit.
G0
Φ1
G1
Φ2
G2
ΦN
GN−1 GN
ξL,NξL,N−1ξL,2ξL,1
ψ¯R,0 ψ¯R,1 ψ¯R,2 ψ¯R,N−1
Figure 3.14. Quiver diagram including the interaction between fermions of different
towers associated to (3.132).
The Higgs is a pNGB extracted from the link fields Φj in the manner explained
in Subsection 3.1.2.
The coupling in (3.132) can be written as
−
N∑
j=1
yjψ¯R,j−1ΦjξL,j + h.c., (3.133)
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where the Yukawa couplings yj in (3.133) are assumed to beO(1), and the fermion
fields ξL,j and ψR,j−1 correspond to different zero modes, characterized by the
localization parameters cL or cR, with appropriate quantum numbers. The Higgs
doublet is given by
H =
1√
2
( √
2ϕ+
v +H0 + iϕ3
)
. (3.134)
Then, to obtain the couplings of the excited fermions to the Higgs sector, the
rotations (3.101) and (3.103) were substituted into (3.133), and the Higgs doublet
couplings in (3.133) are rewritten as follows
−
N∑
j=1
N∑
n,m=0
yj(h
j−1,n
R )
∗hj,mL b
j q¯
(n)
R HQ
(m)
L + h.c., (3.135)
where bj is given by (3.93).
Notice that after the quiver symmetry breaking, we still have terms in the theory
invariant under SU(2)× U(1), as mentioned above, and then we consider terms
that are invariant under SU(2) and have zero net hypercharge Y . Thus, consid-
ering mixing of the excited states of quarks belonging to the same family, we can
write
L ⊃−
N∑
n,m=0
N∑
j=1
yuj(h
j−1,n
R (cRu))
∗hj,mL (cLq)b
jR
(n)
u H˜
†L(m)q
−
N∑
n,m=0
N∑
j=1
ydj(h
j−1,n
R (cRd))
∗hj,mL (cLq)b
jR
(n)
d H
†L(m)q + h.c., (3.136)
where H˜ = iσ2H
∗.
Here R(n)u and R
(n)
d are the excited states of the right-handed up- and right-handed
down-type quarks fields, respectively with different right-handed zero modes.
Also in (3.136) L(m)q contains the excited states of the left-handed quarks. After
that, we select the coupling between the first excited state of the right-handed
up-type quark to the Higgs doublet and the left-handed doublet of SM quarks
from the same family as follow
−
N∑
j=1
yuj(h
j−1,1
R (cRu))
∗hj,0L (cLq)b
jR
(1)
u H˜
†L(0)q + h.c., (3.137)
The results are shown in Table (3.3). For instance, considering the third gener-
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ation of SM quarks, i.e., using (3.137), with the localization parameters ctR , ctL
and (3.93), we obtained the couplings displayed in the column labeled ’t
(1)
R t
(0)
L ’
for quiver theories with N = 4 or N = 15. On the other hand the column labeled
’u
(1)
R u
(0)
L ’ were obtained by using the values of the localization parameters cuR ,
cuL (corresponding to the first generation of SM quarks).
We also considered the coupling between the right-handed up-type SM quark
to the Higgs doublet and the first excited state of the left-handed doublet of
quarks associated to the same family as follow
−
N∑
j=1
yuj(h
j−1,0
R (cRu))
∗hj,1L (cLq)b
jR
(0)
u H˜
†L(1)q + h.c., (3.138)
The results are also shown in Table (3.3). For instance, considering the third
generation of SM quarks, i.e., using (3.138), with the localization parameters ctR ,
ctL and (3.93), for the Higgs wave function, we obtained the couplings displayed
in the column labeled ’t
(1)
L t
(0)
R ’ for quiver theories with N = 4 or N = 5. Similarly,
the values of the couplings in the column labeled ’u
(1)
L u
(0)
R ’ was obtained by using
the values of the localization parameters cuR , cuL (corresponding to the first gen-
eration of SM quarks). The next selection of couplings, that we have considered
is between the right-handed down-type SM quark to the Higgs doublet and the
first excited state of the left-handed doublet of quarks associated to the same
family
−
N∑
j=1
ydj(h
j−1,0
R (cRd))
∗hj,1L (cLq)b
jR
(0)
d H
†L(1)q + h.c.. (3.139)
The evaluation for this couplings are also shown in Table (3.3). For instance,
considering the third generation of SM quarks, i.e., using (3.139), with the lo-
calization parameters ctR , ctL and (3.93), we obtained the couplings displayed in
the column labeled ’t
(1)
L b
(0)
R ’ for quiver theories with N = 4 or N = 15. Similarly,
by considering the first generation and showed in the column labeled ’u
(1)
L d
(0)
R ’,
where the localization parameters cdR , cuL were used.
Finally, we also considered the coupling between the first excited state right-
handed down-type quark to the Higgs doublet and the left-handed doublet of
SM quarks associated to the third generation of SM quarks. This coupling was
calculated by using
−
N∑
j=1
ydj(h
j−1,1
R (cRd))
∗hj,0L (cLq)b
jR
(1)
d H
†L(0)q + h.c., (3.140)
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and the results are shown in the column labeled ’b
(1)
R t
(0)
L ’ in Table (3.3).
As can be seen in Table (3.3), the larger couplings are found in the third gener-
ation. Once again, this agrees with the overlap of the wave-functions associated
with the localization parameters (ctL , ctR and cbR , the wave-functions associated
with these localization parameters were obtained in Appendix (A)) and with the
(3.93).
N t
(1)
R t
(0)
L t
(1)
L t
(0)
R u
(1)
R u
(0)
L u
(1)
L u
(0)
R t
(1)
L b
(0)
R u
(1)
L d
(0)
R b
(1)
R t
(0)
L
4 0.365 0.028 4.1× 10−9 0.00173 0.041 3.02× 10−6 2.64× 10−4
15 0.179 0.352 3.4× 10−5 3.02× 10−4 0.0143 1.28× 10−7 0.001
Table 3.3. Couplings of fermions from different towers to the Higgs doublet, for
allowed modes 0 and 1.
Now that we have calculated the couplings in this section, we will study in
the next chapter the phenomenology of the excited fermions.
3.2 General Effective Theory for New Fermions
Our aim is to provide alternatives to the study of the phenomenology involv-
ing new heavy fermions that, besides quiver theories there are also many others
Vector-like quarks theories. So it is of interest to study Vector-like quark phe-
nomenology in a general model-independent way. Generically, we can consider
vector-like quarks as being multiplets of SU(2)L as shown in Refs. [37, 38, 39],
such that these new fermions will be coupled to SM fermions and gauge bosons
through the Yukawa terms and kinetic terms, respectively. Our procedure will be
according to Ref. [38], where these new fermions couple to the third generations
of SM quarks. In this section, the cases of a singlet vector-like up-type and SM
doublet will be studied. For the first case, we will use the bound associated to the
tbW coupling [40] and for the second one, the constraint associated to the decay
Z → bb¯ [41] will be used. It is due to after the EWSB the mixing between the
vector-like quarks and the third generation of the SM quarks induce deviations
on the couplings associated with these measurements. In addition to these cases,
for each one the interaction with a heavy gluon will be included.
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3.2.1 Vector-like quark SU(2)-singlet up-type, T
Let us consider a vector-like up-type fermion T ′, a singlet of SU(2)L with hyper-
charge equal to 2/3. It couples to the SM quarks through the Yukawa couplings
as follows
LY(VLT) = −Y uiβ q′LiΦ˜u′Rβ − Y dij q′LiΦd′Rj + h.c., (3.141)
where i, j = 1, 2, 3 correspond to indexes of generations in the SM (q′Li and u
′
Ri
are SU(2)L-doublet and -singlet, respectively) and the index β = 1, 2, 3, 4, such
that u′4 = T
′. To indicate that the fermions are not in their mass eigenstate
primes are used. In addition, there is a vector-like term of the form
LM(VLT) = −M T ′LT ′R + h.c.. (3.142)
The Higgs doublet is given by
Φ =
1√
2
(
0
v +H
)
. (3.143)
We substitute (3.143) in (3.141) and considering the mixing between T ′ and the
third generation, we can identify the mass term that is written as follows
LMass = −
(
t
′
L T
′
L
)
Mt′T′
 t′R
T ′R
+ h.c., (3.144)
where
Mt′T′ =
 v√2Y u33 v√2Y u34
0 M
 . (3.145)
We have that the masses in the mass eigenstate are given by
m2t =
M2 +
v2
2
(|Y u33|2 + |Y u34|2)−
√(
M2 +
v2
2
(|Y u33|2 + |Y u34|2)
)2
− 2v2M2|Y u33|2
2
(3.146)
m2T =
M2 +
v2
2
(|Y u33|2 + |Y u34|2) +
√(
M2 +
v2
2
(|Y u33|2 + |Y u34|2)
)2
− 2v2M2|Y u33|2
2
,
(3.147)
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by using (3.146), (3.147), jointly with v2 M2, we can expand the square roots
in powers of
( v
M
)2
as follow
m2t =
M2 +
v2
2
(|Y u33|2 + |Y u34|2)−M2
[
1 +
1
2
( v
M
)2
(|Y u34|2 − |Y u33|2) +O
( v
M
)4]
2
(3.148)
m2T =
M2 +
v2
2
(|Y u33|2 + |Y u34|2) +M2
[
1 +
1
2
( v
M
)2
(|Y u34|2 − |Y u33|2) +O
( v
M
)4]
2
,
(3.149)
and then m2t and m
2
T go as
(
v√
2
Y u33
)2
and M2 +
(
v√
2
Y u34
)2
, respectively. There-
fore, this means that mT is greater than the unphysical vector-like mass. Also,
using (3.146) and (3.147), we can deduce the relation
m2T = M
2
1 + v
2
2
|Y u34|2
M2 −m2t
 . (3.150)
This relation is shown in Figure (3.15). We see that the differences between mT
and M decrease for large M , whereas for small M , theses differences increase.
1000 1500 2000 2500 3000
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1000
1500
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M
Figure 3.15. Correlation between the mass vector-like and mT , for
v√
2
|Y u34| = 100,
200 and 500 from left to right.
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Now, we write Mt′T′ as factorized as follows
Mt′T′ = V
†
L
 mt 0
0 mT
VR, (3.151)
where VL,R are given by
VL,R =
 cos θL,Ru sin θL,Ru
− sin θL,Ru cos θL,Ru
 , (3.152)
in such a way that the next relations are obtained by using (3.152), (3.151) and
(3.145)
v√
2
Y u33 cos θ
L
u cos θ
R
u −
v√
2
Y u34 cos θ
L
u sin θ
R
u +M sin θ
L
u sin θ
R
u = mt,
v√
2
Y u33 sin θ
L
u cos θ
R
u −
v√
2
Y u34 sin θ
L
u sin θ
R
u −M cos θLu sin θRu = 0,
v√
2
Y u33 cos θ
L
u sin θ
R
u −
v√
2
Y u34 cos θ
L
u cos θ
R
u −M sin θLu cos θRu = 0,
v√
2
Y u33 sin θ
L
u sin θ
R
u −
v√
2
Y u34 sin θ
L
u cos θ
R
u +M cos θ
L
u cos θ
R
u = mT , (3.153)
where, assuming real Yukawa couplings, we have
sin θLu =
vM√
2
Y u34√
(M2 −m2t )2 +
v2M2|Y u34|2
2
(3.154)
and
sin θRu =
mt
M
sin θLu . (3.155)
To obtain the couplings between T to the SM third generations and the EW
gauge bosons we first write the fermion-gauge boson interaction in the EW basis
(
t
′
L b
′
L
)
iγµ
(−igAaµτa − ig′BµY )
 t′L
b′L

+ t
′
R iγ
µ (−ig′BµY ) t′R + b
′
R iγ
µ (−ig′BµY ) b′R
+ T
′
L,R iγ
µ (−ig′BµY )T ′L,R, (3.156)
where Aaµ and Bµ are the gauge bosons of SU(2)L and U(1)Y respectively. In the
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following we use the vector mass eigenstates jointly with the rotations defined
by (3.152) and, furthermore we will neglect the prime in b′L, because we have
considered the mixing between the up sector of the SM third generation and T ′
according to (3.141) where the down-type quarks are not affected by the mixing.
After these substitutions in (3.156), we obtain in the mass eigenstates
(
cos θLu
g√
2
t¯L /W
+
bL + h.c.
)
+
g
2cW
t¯ /Z
(
cos2 θLuPL −
4
3
s2W
)
t
+
g
2cW
b¯ /Z
(
−PL + 2
3
s2W
)
b
+
g
2cW
T¯ /Z
(
sin2 θLuPL −
4
3
s2W
)
T
+
(
sin θLu
g√
2
TL /W
+
bL + h.c.
)
+
(
cos θLu sin θ
L
u
g
2cW
t¯ /ZPLT + h.c.
)
+
2gsW
3
(
t¯ /At+ T¯ /AT
)
− gsW
3
(
b¯ /Ab
)
, (3.157)
while the Higgs interaction involving T and the SM third generation comes from
the Yukawa couplings (3.141), by using (3.152), as follows
− gmT
2mW
sin2 θLuTTH
− gmT
2mW
T
(
mt
mT
cos θLu sin θ
L
uPR + cos θ
L
u sin θ
L
uPL
)
tH + h.c.
− gmt
2mW
cos2 θLu t¯tH −
gmb
2mW
cos2 θLu b¯bH. (3.158)
We can use a CMS measurement of single top cross sections at 7 TeV [40], that
is the Vtb (tbW coupling), such that |Vtb| > 0.92, which results in the constraint
|sin θLu | < 0.4. (3.159)
We point out that sin2 θLu is always further suppressed by
v
M
. The QCD interac-
tion of the Vector-like quark is just as in the SM: T , the interaction following is
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considered
LgTT = gsT¯ γµTagµ,aT. (3.160)
Finally, we also allow for the interaction of the Vector-like quark with a heavy
gluon G, given by
LGTt = gs (fLt¯LγµTaGµ,aTL + fRt¯RγµTaGµ,aTR + h.c.) , (3.161)
where gsfL and gsfR are left- and right-handed couplings between t, T and G.
3.2.2 Vector-like quark SM SU(2)-doublet
Considering a vector-like SM
(
T ′ B′
)T
, where it is a doublet of SU(2)L and
has hypercharge 1/6, this couples to the SM quarks in the weak eigenstate through
the Yukawa couplings as follow
LY(VLT) = −Y uαi q′LαΦ˜u′Ri − Y dαj q′LαΦd′Rj + h.c., (3.162)
where i, j = 1, 2, 3 correspond to indexes of generations in the SM (q′Li is a
doublet of SU(2)L and u
′
Ri is a singlet of SU(2)L) and the index α = 1, 2, 3, 4,
such that q′L,R4 =
(
T ′L,R B
′
L,R
)T
, to indicate that the fermions are not in their
mass eigenstate primes are used, jointly with the mass vector-like term
LM(VLT) = −Mq′L4qR4 + h.c.. (3.163)
Thus we substitute (3.143) in (3.162) and considering the mixing between T ′, B′
and the SM third generation, we can identify the mass term that is written as
follows
LMass =
(
t
′
L T
′
L
)
Mu
 t′R
T ′R
+ ( b′L B′L )Md
 b′R
B′R
+ h.c., (3.164)
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Now, we write Mu,d as factorized as follows
Mu,d = V u,d†L
 mt,b 0
0 mT,B
V u,dR + h.c., (3.165)
where V u,dL,R are given by
V u,dL,R =
 cos θL,Ru,d sin θL,Ru,d
− sin θL,Ru,d cos θL,Ru,d
 . (3.166)
we also have the relations
M2T,B = M
2
1 + v
2
2
|Y u,d34 |2
M2 −m2t,b
 . (3.167)
Here the next relations are obtained by using (3.166), (3.165) and (3.164)
v√
2
Y u,d33 cos θ
L
u,d cos θ
R
u,d −
v√
2
Y u,d34 cos θ
L
u sin θ
R
u,d +M sin θ
L
u,d sin θ
R
u,d = mt,b,
v√
2
Y u,d33 sin θ
L
u,d cos θ
R
u,d −
v√
2
Y u,d34 sin θ
L
u,d sin θ
R
u,d −M cos θLu,d sin θRu,d = 0,
v√
2
Y u,d33 cos θ
L
u,d sin θ
R
u,d −
v√
2
Y u,d34 cos θ
L
u,d cos θ
R
u,d −M sin θLu,d cos θRu,d = 0,
v√
2
Y u,d33 sin θ
L
u,d sin θ
R
u,d −
v√
2
Y u,d34 sin θ
L
u,d cos θ
R
u,d +M cos θ
L
u,d cos θ
R
u,d = mT,B,
(3.168)
where
sin θRu,d =
vM√
2
Y u,d43√(
M2 −m2t,b
)2
+
v2M2|Y u,d43 |2
2
(3.169)
and
tan θLu,d =
mt,b
MT,B
tan θRu,d. (3.170)
To obtain the couplings between T , B to the SM third generations and the EW
58 New Fermions in BSM Theories
gauge bosons, we first write the fermion-gauge boson interaction in the EW basis
(
t
′
L b
′
L
)
iγµ
(−igAaµτa − ig′BµY )
 t′L
b′L

+ t
′
R iγ
µ (−ig′BµY ) t′R + b
′
R iγ
µ (−ig′BµY ) b′R
+
(
T
′
L B
′
L
)
iγµ
(−igAaµτa − ig′BµY )
 T ′L
B′L

+
(
T
′
R B
′
R
)
iγµ
(−igAaµτa − ig′BµY )
 T ′R
B′R
 , (3.171)
in the following we rewrite all interaction terms1 in the vector mass eigenstates,
to do this the following definitions will be considered
cu,dL,R ≡ cos θL,Ru,d , (3.172)
su,dL,R ≡ sin θL,Ru,d , (3.173)
Now, we write in the mass eigenstate the Higgs interaction involving T , B
and the SM third generations, which comes from the Yukawa couplings (3.162),
by using (3.166), as follows
− gmT
2mW
(suR)
2TTH
− gmB
2mW
(sdR)
2BBH
− gmT
2mW
T
(
mt
mT
cuRs
u
RPL + s
u
Rc
u
RPR
)
tH + h.c.
− gmB
2mW
B
(
mb
mB
cdRs
d
RPL + s
d
Rc
d
RPR
)
bH + h.c.
− gmt
2mW
(cuR)
2t¯tH − gmb
2mW
(cdR)
2b¯bH, (3.174)
Thus, we can identify from (B.1) the coupling to study the single production of
1The passing from the EW to the mass eigenstate can be seen in Appendix (B) by using the
definitions given in (3.172) and (3.173).
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T via W , that is given by
g√
2
sin
(
θuL − θdL
)
TL /W
+
bL − g√
2
cos θuR sin θ
d
RTR /W
+
bR + h.c. (3.175)
Notice that the angle θdL is negligible, because is suppressed by the mb accord-
ing to (3.170).
In the mass eigenstate basis we have also found terms as
− g
2cW
b¯L /ZbL +
gs2W
3cW
b¯ /Zb− g
2cW
(sdR)
2b¯R /ZbR, (3.176)
and
g√
2
(
cuLc
d
L + s
u
Ls
d
L
)
t¯L /W
+
bL + h.c. (3.177)
respectively.
First, we can compute the sdR, by using the constraint associated to Z → bb¯,
Rb = 0.21629± 0.00066 that is found in Ref. [41], the width is as follows
Γ(Z → bb¯) =e
2 (m2Z (m
2
Z − 4m2b))1/2
288pic2W s
2
Wm
3
Z
× (−9c4Wm2b − 42c2W s2Wm2b
−54c2W (sdR)2m2b − 17s4Wm2b − 30s2W (sdR)2m2b − 9(sdR)4m2b + 9c4Wm2Z
+ 6c2W s
2
Wm
2
Z + 5s
4
Wm
2
Z + 12s
2
W (s
d
R)
2m2Z + 9(s
d
R)
4m2Z
)
(3.178)
then we obtain,
0.09 < sdR < 0.16 or − 0.16 < sdR < −0.09. (3.179)
Now, we used it jointly with (3.170) and MB = 2250GeV , obtaining
0.0002 < sdL < 0.0003 or − 0.0003 < sdR < −0.0002. (3.180)
After that, we use (3.180) in (3.177), and applying the measurement of the
Vtb (tbW coupling) given in Ref. [40],
and then we have
cuL > 0.92, (3.181)
which results in the constraint
suL < 0.4. (3.182)
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and for the QCD pair production of T , the following interaction is considered
LgTT ⊃ gsT¯ γµTagµ,aT, (3.183)
and also we will consider the next interaction
LGTt ⊃ gs (fLt¯LγµTaGµ,aTL + fRt¯RγµTaGµ,aTR + h.c.) , (3.184)
where gsfL,R are the left- and right-handed couplings between T , t and G.
Similarly for the QCD pair production of B, the following interaction is considered
LgBB ⊃ gsB¯γµTagµ,aB, (3.185)
and also we can consider the next interactions
LGBb ⊃ gs
(
gLb¯LγµT
aGµ,aBL + gRb¯RγµT
aGµ,aBR + h.c.
)
, (3.186)
where gsgL, R are the left- and right-handed couplings between B, b and G.
Now that we have know the couplings associated for the single production of T,
we will study the production and decay of this heavy state.
CHAPTER 4
Vector-Like Heavy Quarks at the
LHC
In this chapter we will study the production and decay of vector-like quarks,
motivated by extensions of the SM where the Higgs is a pNGB. We will focus
on quiver theories as well as a model-independent effective Lagrangian approach.
In particular, inspired by quiver theories we will add a possible decay mode of
the heavy quark into a heavy gluon which has not been considered in the liter-
ature. It because the possibility of a first exited state of fermion as in quiver
theories can be heavier than the first excited gluon as in Ref. [10]. We will first
consider the phenomenology of the quiver theories and comment on the model-
independent case, which only requires a rescaling of our results. We will focus
on the phenomenology associated to single production of the first excited state of
the top quark with left-handed zero mode (we denoted it by TL) through the EW
interactions because this mode of production becomes dominant over the pair
production at higher masses [42], as saw in Table (3.3) the more relevant cou-
plings were found in the third generation. Considering the following interactions
involving TL
LgTLTL ⊃gsT¯LγµTagµ,aTL, (4.1)
LGTLt ⊃gsT¯LγµTaGµ,a(gLTLGtPL)t, (4.2)
LTLEW ⊃− cTLthT¯LHPRt+ h.c.
+ cTLbW
e√
2sW
T¯LγµW
µ,+PLb+ h.c.
+ cTLZt
e
2sW cW
T¯LγµZ
µPLt+ h.c., (4.3)
where gLTLGt and cTLth are inferred from Tables (3.2) e (3.3), respectively, G
µ,a
is the first excited state of the gluon, H is the Higgs boson, W µ,+ and Zµ are
the massive EW gauge bosons. Now, to find a relation between cTLth, cTLbW
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and cTLZt we will use the equivalence theorem. Firstly, to obtain a the relation
between cTLth and cTLZt, the widths of TL to Higgs-top and Z-top will be assumed
to be equal at high energies, for mT  mt, mh, mZ . The TL → Zt partial width
is given by
ΓZt =
1
96pim3TL
(m4t − 2m2tm2TL − 2m2tm2Z +m4TL − 2m2TLm2Z +m4Z)1/2×[
3e2
4m2Zc
2
W s
2
W
m4t −
3e2
2m2Zc
2
W s
2
W
m2tm
2
TL
+
3e2
4c2W s
2
W
m2t +
3e2
4m2Zc
2
W s
2
W
m4TL
+
3e2
4c2W s
2
W
m2TL −
3e2
2c2W s
2
W
m2Z
]
(cTLZt)
2 (4.4)
expanding in powers of mt
mTL
or mZ
mTL
, we obtain
ΓZt =
mTL
96pi
{
1 +O
[(
mt
mTL
)2]
+O
[(
mZ
mTL
)2]}[
3e2
4c2W s
2
W
(
m2t
mZmTL
)2
− 3e
2
2c2W s
2
W
(
mt
mZ
)2
+
3e2
4c2W s
2
W
(
mt
mTL
)2
+
3e2
4c2W s
2
W
(
mTL
mZ
)2
+
3e2
4c2W s
2
W
− 3e
2
2c2W s
2
W
(
mZ
mTL
)2]
(cTLZt)
2. (4.5)
The partial width corresponding to the decay mode of TL into h t is as follows
Γht =
1
96pim3TL
(m4h − 2m2hm2t − 2m2hm2TL +m4t − 2m2tm2TL +m4TL)1/2×[−3m2h + 3m2t + 3m2TL] (cTLth)2, (4.6)
this can be expanded in powers of mh
mTL
or mh
mTL
, we obtain
Γht =
mTL
96pi
{
1 +O
[(
mh
mTL
)2]
+O
[(
mt
mTL
)2]}
×[
−3
(
mh
mTL
)2
h
+ 3
(
mt
mT
)2
+ 3
]
(cTLth)
2. (4.7)
The Goldstone equivalence theorem as in Ref [42] implies that the ratios of
the branching fractions of TL → th, tZ and W+b are approximately 1:1:2. Then,
for mTL  mh,mt,mW we have ΓZt ' Γht, which results in a relation between
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cTLZt and cTLth as follows
e
2cW sW
(
mTL
mZ
)
cTLZt = cTLth. (4.8)
In addition, to obtain the relation between cTLtZ and cTLbW , we write the
TL → W+b partial width,
ΓW+b =
1
96pim3TL
(m4b − 2m2bm2TL − 2m2bm2W +m4TL − 2m2TLm2W +m4W )1/2×[
3e2
2s2W
m4b +
3e2
2s2W
m2TL +
3e2
2s2Wm
2
W
m4b −
3e2
s2Wm
2
W
m2bm
2
TL
+
3e2
2s2Wm
2
W
m4TL −
3e2
s2W
m2W
]
(cTLbW )
2. (4.9)
In an analogous way to the previous expansion (4.6), but now expanding in
powers of mW
mTL
or mb
mTL
, we obtain
ΓW+b =
mTL
96pi
{
1 +O
[(
mb
mTL
)2]
+O
[(
mW
mTL
)2]}[
3e2
2s2W
(
mb
mTL
)2
+
3e2
2s2W
+
3e2
2s2W
(
m2b
mWmTL
)2
− 3e
2
s2W
(
mb
mW
)2
+
3e2
2s2W
(
mTL
mW
)2
− 3e
2
2s2W
(
mW
mTL
)2]
(cTLbW )
2. (4.10)
Again we use the equivalence theorem to establish the relation between cTLZt
and cTLbW , imposing that ΓZt ' 12ΓW+b, which results in
1
cW
(
mW
mZ
)
cTLtZ = cTLbW . (4.11)
Notice that the coupling cTLth = YTLth, where YTLth/
√
2 is inferred from the
third column in Table (3.3). Using (4.7), (4.8), we can study the EW single TL
production for instance at the LHC. Figure (4.1) shows the single production of
TL through fusion of W b, i.e., involving cTLbW . We will consider both the model-
independent case as well as the case of quiver theories. On the one hand we will
consider the couplings given in Ref. [42], here we point out that cTLbW is actually
sin θLu mentioned in Subsection (3.2.1), for the study of the single production of
the heavy fermion. On the other hand, from the quiver theory the couplings given
in Table (3.3) will be also considered. According to quiver theories, once we fix
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q q
′
TL
W
g
b
b¯
Figure 4.1. Production diagram for the process pp→ TLb¯j with W, inferred
from (4.3).
the parameters, e.g., N , v1 and vN , we are ready to compute all the couplings of
the excited fermions, relevant for their production and decay at the LHC. In the
next section we consider the pair production and the single production of TL.
4.1 Heavy TL Production at LHC
In this section, we consider TL production. On the one hand, there is a heavy
quark pair production via QCD, where these pairs come from quark-antiquark
and gluon-gluon fusion [43, 44]. On the other hand, we consider the single pro-
duction channel of TL via the W b EW fusion. This production mode is shown
in Figure (4.1).
We computed the pair and single TL production cross section at the LHC
with s =
√
13 by using MadGraph [45]. The first production mode is model-
independent since is just QCD pair production. Figure (4.2) shows these produc-
tion modes as a function of mTL . We considered the single production channel
of TL via the W exchange process pp→ TLb¯j as can be seen in the top panel of
Figure (4.2), the black line shows the pair production of TL via QCD, whereas
the other lines correspond to the single production for fixed values of the cou-
plings cTLbW . 0.4 as considered in Ref. [42]. It shows that the single production
dominates for mTL greater than 1 TeV.
Also, the TL production as a function of the mass of TL in quiver theories
was computed. As shown in the bottom panel of Figure (4.2), the pair TL pro-
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duction is the same as in the top panel case. While, the single production cross
section is given for the cases N=4 and N=15 by the medium turquoise and dark
turquoise lines, respectively. It is shown that the pair production dominates for
mTL masses below 1 TeV for both cases N=4 and N=15; however the single pro-
duction dominates for mTL greater than 1 TeV and 3.9 Tev for N=15 and N=4
respectively.
4.2 Analysis Heavy TL Decay Modes
Here, we examine the TL decay to the Higgs sector and the additional way in
which TL can decay, i.e., the decay mode TL → Gt, where G the color-octet.
To study the contribution of G to the signal, we will first compute the mass
difference between TL and G, i.e. ∆m, for quiver models couplings. In order to
have comparable branching ratios, the following condition is required
ΓW+b . ΓGt, (4.12)
where ΓGt, is the TL → Gt partial width and is given by
ΓGt =
1
24pim2Gm
3
TL
(m4G − 2m2Gm2t − 2m2Gm2TL +m4t − 2m2tm2TL +m4TL)1/2×[
m4TL +m
2
Gm
2
t − 2m4G +m2Gm2TL +m4t − 2m2tm2TL
]
(gTLGt)
2. (4.13)
We consider quiver models with N = 4(15), with couplings gTLGt = 0.85(0.83) and
YtLHt = 0.028(0.352), respectively. Notice that the coupling cTLht = YtLHt/
√
2.
Now, we can substitute (4.9), (4.13) in (4.12) and considering G mass to be 2 TeV,
and then, after solving for mTL , the mass differences are listed in Table (4.1).
N mG [GeV] min mTL [GeV] ∆m
4 2000 2172 172
15 2000 2278 279
Table 4.1. Masses involved in the decay modes of TL to the color-octet and EW
sector for N = 4, 15.
From the information of the bottom panel of Figure (4.2) and Table (4.1), we
conclude that to produce a heavy TL decaying to G with reasonable branching
ratio, we must consider the single production as the dominant channel for N = 15.
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Figure 4.2. Cross sections for QCD pair and single production for TL at LHC
with
√
s = 13 TeV as a function of mTL . For fixed values of cTLbW (top panel)
and couplings from quiver theories with N = 4, 15 (bottom panel). In the later
cTLht was inferred from the third column in Table (3.3) and cTLbW vary according
to (4.8) and (4.13) with respect to the TL mass.
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4.3 Prospects for the LHC
The previous section has shown that according the condition (4.12), is possible to
study the case where both decay modes are comparable. The decay modes into
the Higgs and EW gauge bosons were studied in the literature [37, 38, 42, 46].
Here, we will concentrate on the decay mode TL → Gt. We will consider both the
N = 15 quiver theory as well as the model-independent case. We opted as signal
process the production of that heavy top decaying into G, which afterwards decay
into a pair of bottom quarks, i.e. pp→ TLbj → Gtbj → bb¯bWbj. To study the
feasibility of detecting the signal we consider the example of single top production
pp→ tbj → Wbbj as a background, this simple background was considered to
estimate the required luminosity for the discovery of our signal. The couplings
considered in for our signal were based on quiver theories with N = 15 and the
masses were chosen to be mT and mG as 2.27 and 2 TeV, respectively. The
cross sections both for signal and background were computed at
√
s = 13 TeV pp
collider jointly with a cut given by HT > 500 GeV (similar to Ref. [42]), where
HT is the total transverse hadronic energy and defined by
HT =
∑
hadronic particles
‖~pT‖, (4.14)
where ~pT is the transverse momentum.
Thus, considering this cut we simulated 50K and 500K events for signal and
background, respectively. To generate the events, the chain MadGraph [45]-
Pythia [47]-Delphes [48] was used. After that, the comparison between the sig-
nal and background distributions was obtained by using Madanalysis (ma5) [49,
50, 51]. The baseline luminosity was assumed to be 1 ab−1. Then, we imple-
mented other kinematic cuts on the events as can be seen in Table (4.2). It
shows a summary of the results of applying simple kinematic cuts, the selected
cuts were inferred sequentially according to the kinematic distributions showed in
Figures (4.3), (4.4), and (4.5). We considered the Fastjet algorithm anti-kt with
∆R = 0.6 interfaced in ma5. For details of the recombination algorithm anti-kt
see [52].
For the first selection after generating events, we took into account the number
of jets distributions as shown in Figure (4.3). To compare the shapes of the curves
related to both background and signal datasets, the events were normalized to
unity. We select the following cut
Nj > 6, (4.15)
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Signal SM single top
Cross section 5.2× 10−5 pb 0.2 pb
Events before cuts 50K a.u. 500K a.u.
Nj > 6 19952 51112
HT > 800 GeV 18272 22290
pT,j1 > 400 GeV 14231 7408
Reco. Eff. 0.28 1.48× 10−2
Table 4.2. Best cut-flow analysis obtained with ma5. Notice that a generator
cut of HT > 500 GeV was applied. Fastjet algorithm anti-kt with ∆R = 0.6.
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Figure 4.3. Number of jets distributions for events normalized to unity before
any cuts.
where Nj, is the number of jets. Figure (4.4) shows the total transverse
hadronic energy of jets distributions after the selection (4.15). To obtain this
plot the events also were normalized to unity. So a good discrimination between
signal and background can be obtained by using the following cut
HT > 800 GeV. (4.16)
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Figure 4.4. Total transverse hadronic energy of jets distributions for events
normalized to unity after the selection Nj > 6.
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Figure 4.5. Transverse-momentum of the hardest jet distributions for events
normalized to unity after the selection HT > 800 GeV.
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After these cuts, we also considered the transverse-momentum of the hardest
jet distributions for events as shown in Figure (4.5), in such a way that to compare
both signal and background distributions the events were also normalized to unity
in this plot. Then, we select
pT,j1 > 400 GeV, (4.17)
where pT,j1 is the transverse-momentum of the hardest jet.
Now, from the values in Table (4.2), we are able to estimate the amount of
luminosity that we need in order to have 5σ discovery. To estimate the required
luminosity for 5σ we impose that S/
√
B > 5, where S and B are the number
of events after cuts, which scale linearly with the luminosity. Then the previous
requirement can be written as,
L ≥ 25 σB × B
(σS × S)2
, (4.18)
where σB and σS are the background and signal cross sections, respectively. In
(4.18) we also have that B and S are the efficiencies after cuts (these are given
in the last row of Table (4.2)) for the background and signal, respectively. Then
substituting the numerical values in (4.18), we have
≥ 25 0.2× 1.48× 10
−2
(5.2× 10−5 × 0.28)2 ×
1
1000
fb−1,
≥ 7.4× 10
−5
2.1× 10−10fb
−1,
≥ 3.52× 105fb−1 (352ab−1) . (4.19)
Clearly, this number is too big to be achieved by the LHC, for these parameters
the LHC will not be sensitive to quiver theories for high masses of the vector-like
quarks.
On the other hand, we can estimate the reach of the model-independent
scheme presented in Section (3.2). For instance, rescaling the calculations above,
this is due to the main channel for the signal is proportional to c2TLWb, so we have
that
L ≥ 25 σB × B
(σS × S)2
×
(
0.027
cTLWb
)4
, (4.20)
where 0.027 was the value of cTLWb for N = 15. Now, we can see that a 5σ dis-
covery can be achieved with the following values of the parameters: cTLWb ≥ 0.16
for 300fb−1, cTLWb ≥ 0.12 for 1000fb−1 and cTLWb ≥ 0.09 for a High-Luminosity
4.3 Prospects for the LHC 71
Large Hadron Collider (HL-LHC) with 3000fb−1.
The objects considered are too heavy, such that one possibility to study these
kind of particles will be consider pp colliders, at high energies, for instance at
√
s
= 100 TeV.
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CHAPTER 5
Vector-Like Heavy Quarks at
High Energy Colliders
As we saw in chapter 4 the LHC will not be sensitive for vector-like quark masses
& 2TeV in quiver theories. And after estimating the coupling between the heavy
top, bottom quark with W gauge boson in a model-independent approach, we
concluded that more energy was need in cases where couplings are smaller than
0.09 and with large vector-like quark masses (> 2 TeV). Here we look at a hypo-
thetical pp collider with
√
s = 100 TeV. Other center-of-mass energies are being
considered, such as 27 TeV at the LHC tunnel.
Just as in the previous chapter we use as benchmark the case of the Vector-
like quark SU(2)-singlet up-type, T , in the case where it is coupled to a heavy
gluon G, such that T can decay into Gt with subsequent decays of G into a pair
of bottom or top quarks. The electroweak decays of T obey the approximate
relations,
Γ(T → Ht) ' Γ(T → Zt) ' 1
2
Γ(T → W+b), (5.1)
as seen in [42].
Although extensive research has been carried out on the EW channels: T →
(H,Z)t and T → (bL,W+), no study of the T → Gt channel was done, we will
focus on it. We will take into account that the interactions between T , t and G
as well as b and G are through the qcd coupling.
We considered as signal process the single T production, such that T decays
into Gt with subsequent decays of G into a quark pair of b and the quark t de-
caying semi-leptonically. We took into account the couplings indicated in Section
(3.2) and the masses were chosen for T and G as 2.3 and 2 TeV, respectively.
At this high energies it is still true that the single-T production is dominant over
the pair production, as seen in Figure (5.1). Even for small values of sin θLu such
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as 0.1, single-T production dominates for mT > 2.2 TeV, at this point of mT
jointly with sin θLu = 0.1, the corresponding value of the Yukawa coupling is
Y u34 = 1.315, (5.2)
it is obtained by using the relations (3.154) and (3.150). The maximum value
of the coupling sin θLu comes from the relation (3.159), and the maximum Yukawa
coupling is given in the second row of Table (5.1), this would still be perturbative.
Table (5.1) shows the Yukawa couplings that were obtained by using the allowed
values of sin θLu according to (3.159) as well as the relations given in (3.150),
(3.154) and considering the same mass for T indicated above.
sin θLu Y
u
34
0.4 5.25
0.3 3.94
0.2 2.63
0.1 1.31
Table 5.1. Values of the Yukawa coupling Y u34 for mT = 2.3 TeV as a function
of sin θLu .
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Figure 5.1. Cross section for single and pair T production at 100 TeV pp collider, as
a function of the T mass.
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The vector-like heavy quark pair production via QCD was considered, where
these pairs come from quark-antiquark and gluon-gluon fusion. The pair produc-
tion dominates for T masses below 0.8 TeV for T as a Vector-like SU(2)-singlet;
however the single production dominates for mT greater than 1 TeV, as shown in
Figure (5.1).
The widths and branching ratios of T for the maximum value of sin θLu are shown
in Table (5.2). The branching ratios of T to the EW sector are higher, of which the
decay of T into a W+ boson and a b quark provides easily the most proportion.
Less than 1 percent of branching ratio consists of the heavy gluon mode.
mT = 2300 [GeV] ΓT [GeV] Br
Γ(T → W+b) 638.8 0.54
Γ(T → Ht) 276.2 0.23
Γ(T → Zt) 265.8 0.22
Γ(T → Gt) 4.3 0.005
Table 5.2. Decays of T to the EW sector and the heavy gluon mode in units of
GeV for mT = 2.3 TeV, sin θ
L
u = 0.4 and mG = 2 TeV.
We investigate whether the heavy gluon mode can be observed at this higher
energies. Branching ratios are similar for other values of sin θLu , as can be seen in
Tables (5.3), (5.4) and (5.5). Similar results have been found for the branching
ratios corresponding to the EW mode. However, for the heavy gluon mode its
branching ratio increases with the decreases of sin θLu . For instance, for sin θ
L
u =
0.1 the EW widths are lower when compared to the other cases, this is because
the EW widths are increasing with sin θLu .
mT = 2300 [GeV] ΓT [GeV] Br
Γ(T → W+b) 359.3 0.52
Γ(T → Ht) 167.1 0.24
Γ(T → Zt) 160.8 0.23
Γ(T → Gt) 6.4 0.009
Table 5.3. Decays of T to the EW sector and the heavy gluon mode in units of
GeV for mT = 2.3 TeV, sin θ
L
u = 0.3 and mG = 2 TeV.
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mT = 2300 [GeV] ΓT [GeV] Br
Γ(T → W+b) 159.7 0.50
Γ(T → Ht) 78.3 0.25
Γ(T → Zt) 75.4 0.24
Γ(T → Gt) 6.4 0.02
Table 5.4. Decays of T to the EW sector and the heavy gluon mode in units of
GeV for mT = 2.3 TeV, sin θ
L
u = 0.2 and mG = 2 TeV.
mT = 2300 [GeV] ΓT [GeV] Br
Γ(T → W+b) 39.9 0.46
Γ(T → Ht) 20.2 0.23
Γ(T → Zt) 19.4 0.23
Γ(T → Gt) 6.4 0.07
Table 5.5. Decays of T to the EW sector and the heavy gluon mode in units of
GeV for mT = 2.3 TeV, sin θ
L
u = 0.1 and mG = 2 TeV.
5.1 Prospects for Future pp Colliders
In this section a different approach that showed in Section (4.3) will be consid-
ered, this due to the use of
√
s = 100 TeV pp collider and different relations
to that considered in (4.12), for instance, as shown in Table (5.2), the widths
of T to the EW sector are considerably higher than the heavy gluon mode.
To study this latter mode of decay at
√
s = 100 TeV pp collider, the signal
is pp→ T b¯j → Gtb¯j → bb¯W+bb¯j → bb¯lνlbb¯j and the backgrounds considered
are pp→ W+bbb¯b¯j → lνlbbb¯b¯j and pp→ tb¯jbb¯ → lνlbb¯jbb¯. We do not consider τ
leptons in the final state because they are harder to identify. The cross sections
for the signal and backgrounds were computed at
√
s = 100 TeV pp collider.
We simulated 100K events for signal as well as backgrounds, these were obtained
by using MadGraph. These events were analyzed in Madanalysis, and then the
efficiencies were obtained. Simple cuts were applied as can be seen in Table (5.6),
which shows a summary of the results. The events before cuts were normalized
to 3000 fb−1 of luminosity.
Firstly, considering sin θLu = 0.4, we implemented kinematic cuts on the events as
can be seen in Table (5.6). It shows a summary of the results of applying sim-
ple kinematic cuts, inferred sequentially according to the kinematic distributions
showed in Figures (5.2) and (5.3).
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Signal W+bbb¯b¯j tb¯jbb¯ Significance
σ[pb] 0.0219 13.69 5.528 S/
√
B
Events before cuts 65700 41070000 16584000 9
Mj1j2 > 1900.0 GeV 56607.1 888344 459708 49
HT > 2200.0 GeV 42641 31213 8623.7 214
Table 5.6. Sequence of cuts analyzed in ma5 for sin θLu=0.4.
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Figure 5.2. The invariant mass distribution for the two more energetic jets for
the signal with mT,G = 2.3, 2 TeV, sin θ
L
u = 0.4, and the W
+bbb¯b¯j and tb¯jbb¯
backgrounds before cuts.
For the first selection in Table (5.6) after generated events, we took into
account the invariant mass distribution for the two more energetic jets as shown
in Figure (5.2). To compare the shapes of the curves related to both background
and signal datasets, the events were normalized to unity. We select the following
cut
Mj1j2 > 1900.0 GeV, (5.3)
where Mj1j2 , is the invariant mass of the two more energetic jets. Figure (5.3)
shows the distributions of the total transverse energy in jets, HT after the selection
(5.3). To obtained this plot the events also were normalized to unity. So a
good discrimination between signal and background can be obtained by using
the following cut
HT > 2200.0 GeV, (5.4)
78 Vector-Like Heavy Quarks at High Energy Colliders
HT (GeV )
0 1000 2000 3000 4000 5000 6000 7000E
ve
n
ts
(
sc
al
ed
to
on
e
)
10−5
10−4
10−3
10−2
10−1 Signal
W+bbb¯b¯j
tb¯jbb¯
Figure 5.3. The transverse hadronic energy distribution for the signal with
mT,G = 2.3, 2 TeV, sin θ
L
u = 0.4, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds after
the selection Mj1j2 > 1900.0 GeV.
Now, assuming 70% b-tagging efficiency, and then considering 4 b tags the signif-
icance will be
S√
B
' 50. (5.5)
Secondly, considering sin θLu = 0.3, we implemented kinematic cuts on the events
as can be seen in Table (5.7). It shows a summary of the results of apply sim-
ple kinematic cuts, the selected cuts were inferred sequentially according to the
kinematic distributions showed in Figures (5.4) and (5.5).
Signal W+bbb¯b¯j tb¯jbb¯ Significance
σ[pb] 0.01595 13.69 5.528 S/
√
B
Events before cuts 47850 41070000 16584000 6
Mj1j2 > 1800 GeV 42706.6 1004161 518415 35
HT > 2000 GeV 34090.7 50926 12935 135
Table 5.7. Sequence of cuts analyzed in ma5 for sin θLu=0.3.
For the first selection in Table (5.6) after generated events, we took into
account the invariant mass distribution for the two more energetic jets as shown
in Figure (5.4). To compare the shapes of the curves related to both background
and signal datasets, the events were normalized to unity. We select the following
cut
Mj1j2 > 1800.0 GeV. (5.6)
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Figure 5.4. The mass distribution for the two more energetic jets for the signal
with mT,G = 2.3, 2 TeV, sin θ
L
u = 0.3, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds
before cuts.
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Figure 5.5. The transverse hadronic energy distribution for the signal with
mT,G = 2.3, 2 TeV, sin θ
L
u = 0.3, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds after
the selection Mj1j2 > 1800 GeV.
Figure (5.5) shows the distributions of the total transverse energy in jets after
the selection (5.6). To obtained this plot the events also were normalized to
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unity. So a good discrimination between signal and background can be obtained
by using the following cut
HT > 2000.0 GeV, (5.7)
Now, assuming 70% b-tagging efficiency, and then considering 4 b tags the signif-
icance will be
S√
B
' 30. (5.8)
Following this, considering sin θLu = 0.2, we implemented kinematic cuts on the
events as can be seen in Table (5.8). It shows a summary of the results of apply
simple kinematic cuts, the selected cuts were inferred sequentially according to
the kinematic distributions showed in Figures (5.6) and (5.7).
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Figure 5.6. The mass distribution for the two more energetic jets for the signal
with mT,G = 2.3, 2 TeV, sin θ
L
u = 0.2, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds
before cuts.
Signal W+bbb¯b¯j tb¯jbb¯ Significance
σ[pb] 0.009938 13.69 5.528 S/
√
B
Events before cuts 29814 41070000 16584000 4
Mj1j2 > 1800 GeV 25922.4 1004161 518415 21
HT > 1800 GeV 21132.2 70229 17744 71
Table 5.8. Sequence of cuts analyzed in ma5 for sin θLu=0.2.
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For the first selection in Table (5.8) after generated events, we took into
account the invariant mass distribution for the two more energetic jets as shown
in Figure (5.6). To compare the shapes of the curves related to both background
and signal datasets, the events were normalized to unity. We select the following
cut
Mj1j2 > 1800.0 GeV. (5.9)
Figure (5.7) shows the distributions of the total transverse energy in jets after the
selection (5.9). To obtained this plot the events also were normalized to unity. So
a good discrimination between signal and background can be obtained by using
the following cut
HT > 1800.0 GeV, (5.10)
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Figure 5.7. The transverse hadronic energy distribution for the signal with
mT,G = 2.3, 2 TeV, sin θ
L
u = 0.2, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds after
the selection Mj1j2 > 1800 GeV.
Now, assuming 70% b-tagging efficiency, and then considering 4 b tags the signif-
icance will be
S√
B
' 17. (5.11)
Finally, considering sin θLu = 0.1, we implemented kinematic cuts on the events
as can be seen in Table (5.9). It shows a summary of the results of apply sim-
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ple kinematic cuts, the selected cuts were inferred sequentially according to the
kinematic distributions showed in Figures (5.8) and (5.9).
Signal W+bbb¯b¯j tb¯jbb¯ Significance
σ[pb] 0.005148 13.69 5.528 S/
√
B
Events before cuts 15443 41070000 16584000 2
Mj1j2 > 1850 GeV 12313.5 946663 486076 10
HT > 1700 GeV 9455.1 75979 19734 31
Table 5.9. Sequence of cuts analyzed in ma5 for sin θLu=0.1.
For the first selection in Table (5.9) after generated events, we took into
account the invariant mass distribution for the two more energetic jets as shown
in Figure (5.8). To compare the shapes of the curves related to both background
and signal datasets, the events were normalized to unity. We select the following
cut
Mj1j2 > 1850.0 GeV. (5.12)
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Figure 5.8. The mass distribution for the two more energetic jets for the signal
with mT,G = 2.3, 2 TeV, sin θ
L
u = 0.1, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds
before cuts.
Figure (5.9) shows the distributions of the total transverse energy in jets after
the selection (5.12). To obtained this plot the events also were normalized to
unity. So a good discrimination between signal and background can be obtained
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by using the following cut
HT > 1700.0 GeV, (5.13)
HT (GeV )
0 1000 2000 3000 4000 5000 6000 7000E
ve
n
ts
(
sc
al
ed
to
on
e
)
10−5
10−4
10−3
10−2
10−1 Signal
W+bbb¯b¯j
tb¯jbb¯
Figure 5.9. The transverse hadronic energy distribution for the signal with
mT,G = 2.3, 2 TeV, sin θ
L
u = 0.1, and the W
+bbb¯b¯j and tb¯jbb¯ backgrounds after
the selection Mj1j2 > 1850 GeV.
Now, assuming 70% b-tagging efficiency, and then considering 4 b tags the signif-
icance will be
S√
B
' 7. (5.14)
For more realistic simulation we would like to consider as background the case
where the involving final state has 5 jets jointly with e−ν or µ−ν. In addition
that, for futures studies we can consider the EW decay modes to study the phe-
nomenology at high energy colliders.
We do not have different kinematic cuts for each different values of sin θLu , that is
the sequence of cuts implemented as in Table (5.9) should be more than adequate.
The ratio
S√
B
is large enough for sin θLu = 0.1 to be promising for larger mT and
smaller values of sin θLu , this work is in progress.
For more realistic study, we need to simulate more backgrounds. But looks
promising.
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Also, we need to add pile-up effect, it is still unknown for future machine, we
do not know machine parameters, but can guess that pile-up is large.
Ultimately, it looks like
√
s = 100 TeV pp collider is how we will be able to
study a new sector of vector-like quarks with large masses in detail.
CHAPTER 6
Conclusions and Outlook
Extensions of the SM that solve the hierarchy problem by having the Higgs as a
pNGB typically must contain new vector-like quarks. In this thesis are studied
the phenomenology of vector-like quarks in two such theories: quiver theories and
a model-independent effective theory of vector-like quarks. In the case of quiver
theories we computed the spectrum and couplings of vector-like quarks as well as
excited gauge bosons to SM states, particularly W±, Z and the Higgs. In the last
case we needed to formulate the Higgs as a pNGB in the quiver theory. Once we
obtained the spectrum and its couplings we started studying the phenomenology
of vector-like quarks at the LHC. We saw that for quiver theories the produc-
tion cross section are dominated by the single T channel, is too small even for
the HL-LHC. The reason was a combination of the small TWb coupling and the
large value of mT . the vector-like quark mass.
For the model-independent approach we concluded that the LHC could dis-
cover the T → Gt decay channel with 300 fb−1 if cTWb > 0.16, and for 3000 fb−1
(the ultimate HL-LHC luminosity) if cTWb > 0.09. Thus is clear that for mT &
2TeV, quiver theories uses cTWb ' 0.03, are out of reach of the LHC.
The results of chapter 4 indicated that in order to study the T → Gt in quiver
theories for mT > 2TeV higher center-of-mass energies are needed. In chapter
5 we started a study of this channel for a hypothetical pp collider with
√
s =
100 TeV. We studied the signal to background significance after cuts for various
values of the coupling responsible for single T production. As a first pass, we
used pp→ W+bbb¯b¯j → lνlbbb¯b¯j, and pp→ tb¯jbb¯→ lνlbb¯jbb¯ as background.
We conclude that for
√
s = 100 TeV 5σ discoveries will be accessible for couplings
well below 0.1, other possible.
In the future a more complete background study will be needed. Furthermore,
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there is a need to include the effects of pile-up which were not considered here.
We can see that if the discoveries of the LHC point to the possibility of heavy
vector-like quarks, high energy pp colliders could study these sector in detail.
Appendices

Appendix A
Wave-Function of Excited States
An specific example for hypothetical fermion with left-handed zero mode and
localization parameter cL = 0.2, in this case the left-handed zero mode is localized
toward the N-th site, we show their Wave-Functions in Figures A.1, A.2 and A.3
for N = 4, N = 9 and N = 15 respectively.
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Figure A.1: Wave-Functions of hypothetical fermion with left-handed zero mode
and localization parameter cL = 0.2, where j is a index of site and n is a index of
Kaluza-Klein mode. In this case N = 4 and some allowed n are shown. For the
visualization, we choose by the opposite signs of hj,1L and h
j,2
L .
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Figure A.2: Wave-Functions of hypothetical fermion with left-handed zero mode
and localization parameter cL = 0.2, where j is a index of site and n is a index of
Kaluza-Klein mode. In this case N = 9 and some allowed n are shown. For the
visualization, we choose by the opposite sign of hj,3L .
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Figure A.3: Wave-Functions of hypothetical fermion with left-handed zero mode
and localization parameter cL = 0.2, where j is a index of site and n is a index of
Kaluza-Klein mode. In this case N = 15 and some allowed n are shown.
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Figure A.4: Wave-Functions zero mode hj,0R , first mode h
j,1
R of bottom fermion
with right-handed zero mode and localization parameter cR = −0.61, and Wave-
Function first mode of gauge boson f j,1 where j is a index of site and n is a index
of Kaluza-Klein mode. In this case N = 4 and some allowed n are shown. For
the visualization, we choose by the opposite sign of hj,0R .
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Figure A.5: Wave-Functions zero mode hj,0R , first mode h
j,1
R of bottom fermion
with right-handed zero mode and localization parameter cR = −0.61, and Wave-
Function first mode of gauge boson f j,1 where j is a index of site and n is a index
of Kaluza-Klein mode. In this case N = 15 and some allowed n are shown.
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Figure A.6: Wave-Functions zero mode hj,0L , first mode h
j,1
L of top fermion with
left-handed zero mode and localization parameter cL = 0.51, and Wave-Function
first mode of gauge boson f j,1 where j is a index of site and n is a index of
Kaluza-Klein mode. In this case N = 4 and some allowed n are shown. For the
visualization, we choose by the opposite sign of hj,0L .
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Figure A.7: Wave-Functions zero mode hj,0L , first mode h
j,1
L of top fermion with
left-handed zero mode and localization parameter cL = 0.51, and Wave-Function
first mode of gauge boson f j,1 where j is a index of site and n is a index of
Kaluza-Klein mode. In this case N = 15 and some allowed n are shown.
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Figure A.8: Wave-Functions zero mode hj,0R , first mode h
j,1
R of top fermion with
right-handed zero mode and localization parameter cR = −0.12, and Wave-
Function first mode of gauge boson f j,1 where j is a index of site and n is a
index of Kaluza-Klein mode. In this case N = 4 and some allowed n are shown.
For the visualization, we choose by the opposite sign of hj,1R .
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Figure A.9: Wave-Functions zero mode hj,0R , first mode h
j,1
R of top fermion with
right-handed zero mode and localization parameter cR = −0.12, and Wave-
Function first mode of gauge boson f j,1 where j is a index of site and n is a
index of Kaluza-Klein mode. In this case N = 15 and some allowed n are shown.
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Appendix B
For the vector-like quark SM SU(2)-doublet, we pass the interactions between T ′,
B′ the SM third generations and the EW gauge bosons from the EW to the mass
eigenstate,
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and then with the rotations defined by (3.166) into (B.1) we find that
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